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ABSTRACT 

Electromagnetic probing of a planetary ionosphere and atmos- 
phere from an orbiting pair is a method capable of providing 
unambiguous determination of three-dimensional ionospheric and 
atmospheric density profiles. 

Refractivity, transmission absorption spectroscopy and radio- 
metric measurements at suitable wavelengths, with the instrumenta- 
tion accommodated in a dual-spacecraft configuration, provide a 
convenient experimental approach. 

Two Voyagers or equivalent spacecraft, orbiting the planet 
Mars at the same time, offer a suitable platform for conducting 
a comprehensive survey, encompassing spacecraft-to-spacecraft 
and spacecraft-to-sun occultation measurements, complemented by 
radiometric probings . 

The method is potentially a tool of general use for planetary 
research. 

, 
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FOREWORD 

This repor t  w a s  prepared by Raytheon Co., Space and Informa- 
t i o n  Systems Division, Sudbury, Mass., under cont rac t  NAS 8-21222, 
e n t i t l e d  "Electromagnetic Probing of the  Martian Ionosphere and 
Atmosphere from an o rb i t i ng  pa i r " .  

The date  of cont rac t  award was June 19, 1967 and the per iod 
of performance was s i x  months. T h e  contract ing Agency was the 
George C, Marshall Space F l igh t  Center of the National Aeronautics 
and Space Administration. 

The work was administered under the technica l  d i r ec t ion  of t he  
Space Sciences Laboratory of the George C. Marshall Space F l igh t  
Center. 
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1 .  S U M M A R Y  OF THE PROBING METHOD 

The method' s objectives are the unambiguous three-dimensional 
mapping of the Martian atmosphere and ionosphere using two orbiters 
to perform remote electromagnetic probing, 

The two orbiters are terminals of a two-frequency probing link 
capable of providing integrated columnar measurements of the 
dispersive and nondispersive refractive properties of the medium 
under investigation, If a slight velocity differential exists 
between the two terminals, the line of sight along which columnar 
measurements are performed, changes its position with respect to 
the planet, penetrating the planet's ionosphere and atmosphere 
from orbital heights down to surface levels as occultation even- 
tually occurs. 

By processing the columnar measurements belonging to the same 
set, i,e,, those measurements normal to a planetary radial line 
at various distances from the surface, radial refractivity pro- 
files can be reconstructed. These profiles lead directly to 
ionospheric three-dimensional maps (electron content vs. height, 
longitude, latitude) and to atmospheric three-dimensional 
refractivity profiles , 

The averaging features of the columnar probing impose limits 
on the steepness of the detectable horizontal gradients, However, 
for a planet in which the height extension of the neutral and 
ionized atmosphere is a small fraction of the planet's radius 
(approx, 1 to lo), horizontal gradients of realistic steepness 
can be mapped accurately, 

Althought refractivity measurements in their atmospheric and 
ionospheric aspects are the basis of the method the interpretation 
of the atmospheric refractivity profiles in terms of atmospheric 
density, pressure, and temperature requires the addition to the 
experiment of spectroscopic and radiometric features. 

Transmission absorption spectroscopy measurements in the W 
and IR bands, using the Sun as a source, are therefore included 
as part of the experiment, They constitute a complement to the 
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refractivity measurements. 
Sun to one or both orbiters descending through the planet's 
atmosphere from orbital heights down to surface levels (occultation) 
permits the construction of profiles of the constituents (primary 
data provided by these measurements) as well as the temperature 
and pressure profiles (secondary data). Here again columnar data 
can be transformed into radial profiles by the same processing 
applied to the refractivity data, 

Having the line of sight from the 

By knowing the constituents, the scale height of the refract- 
ivity profile can be interpreted in terms of temperature vs, 
height ( under assumption of an exponential atmosphere ) and the 
refractivity itself in terms of pressure vs. height. 

The addition of IR radiometric instrumentation permits the 
mapping of the surface temperature, thus providing a useful 
comparison point for the temperature of the lower atmosphere, 
addition the same instrumentation provides another source of 
temperature profiling of the atmosphere. 

In 
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2. EXPERIMENT OBJECTIVES AND MAJOR REQUIREMENTS 

A dual  Voyager o r b i t e r  o r  equivalent  spacecraf t  configurat ion 
c o n s t i t u t e s  a s u i t a b l e  platform f o r  t h e  conduct of the mother/ 
daughter experiment. 

Some of t h e  bas i c  requirements f o r  t h e  performance of t h e  
major experimental t a sks  a r e  e a s i l y  m e t  by e s s e n t i a l l y  any p a i r  
configurat ion considered by NASA's  mission planners . For instance,  
t h e  UV and I R  transmission absorption spectrometer must be aimed 
cons tan t ly  along t h e  l i n e  between the Sun and t h e  spacecraf t ,  and 
t h i s  d i r ec t ion  usual ly  is  already one of t h e  spacecraf t  s t a b i l i -  
za t ion  axes; t h e  I R  radiometer must aim a t  t he  sur face  of t h e  
p l ane t ,  and usua l ly  an o p t i c a l  ax i s ,  (TV camera, etc.) already 
poin ts  i n  t h i s  d i rec t ion .  

Other requirements a r e  not m e t  by provis iona l ly  defined Mars 
dual-orbi ter  configurat ions.  However, i n  t h i s  case it appears 
f e a s i b l e  t o  change c e r t a i n  of these configurat ions i n  order  t o  
b e t t e r  f i t  the  experiment. For ins tance ,  i n  the  case of a dual- 
Voyager scheme, the  two o r b i t a l  planes could be chosen as  coinci-  
den t ,  and passing through t h e  r a d i a l  a x i s  of t he  d iu rna l  bulge 
expected t o  e x i s t  i n  t h e  Martian atmosphere and charac te r ized  by 
a longi tudina l  l a g  of approximately 30' w i t h  respec t  t o  the  sub- 
s o l a r  po in t .  The r e l a t i v e  ve loc i ty  between Voyagers could be 
chosen i n  t h e  10  m / s e c  range. T h i s  mission configurat ion would 
provide t h e  coverage of p r a c t i c a l l y  a l l  t h e  r e so lu t ion  c e l l s  
(300 km x 300 km x 1 km a t  t h e  sur face)  along a complete g r e a t  
c i rc le  i n  a plane containing the  a x i s  of the  atmospheric bulge. 
Even i f  a v i t a l  spacecraf t  function would cease a t  t h i s  po in t ,  
t he  data  co l l ec t ed  would be s u f f i c i e n t  t o  describe f u l l y  t h e  
p l a n e t ' s  atmosphere and ionosphere, assuming c y l i n d r i c a l  symmetry 
around t h e  bulge ax i s .  

The remaining l i f e  span could be u t i l i z e d  t o  ccwer d i f f e r e n t  
por t ions  of the Martian atmosphere, because of t h e  motion of t h e  
nodal l i n e  due t o  t h e  p l a n e t ' s  oblateness.  The impact of t h e  
c y l i n d r i c a l  symmetry assumption could be the re fo re  progressively 
el iminated and second order  f ea tu res  of t h e  p l a n e t ' s  atmosphere 
and ionosphere adequately covered. 
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I n  o rde r  t o  ob ta in  transmission absorpt ion spectroscopy 

W i t h  some Voyager 
measurements using t h e  Sun as a source,  it i s  necessary t o  
achieve pe r iod ic  orbiter-to-Sun occu l t a t ions ,  
o r b i t s ,  occu l t a t ion  occur too  inf requent ly  and a l t e r a t i o n s  of 
these o r b i t s  would be  requi red  t o  provide a t  l e a s t  one Sun 
occu l t a t ion  every week (3  occu l t a t ions  i n  the f i r s t  2 0  days of 
o r b i t a l  l i f e ) .  only short-period occu l t a t ion  are necessary. 
W i t h  o the r  o r b i t s  tha t  a r e  a l so  achievable, occu l t a t ion  could 
occur more frequent ly ,  up t o  o r b i t a l  r a t e s .  Even w i t h  t h i s  
recommendation, Voyager-Sun occu l t a t ions  would provide only sample 
measurements, separated i n  t i m e .  

T h i s  may be  overcome, however; and continuous, although less 
accurate ,  monitoring of  the p lane t  atmosphere' s temperature and 
pressure p r o f i l e s  may be accomplished using mult icolor  radiometric 
measurements of the atmospheric emission i n  the o p t i c a l l y  dense 
151-1 C02 band. 
Sun as a source provides c e r t a i n l y  super ior  accuracy and t h e  f e w  
absorption observations during the mission l i f e t i m e  would be 
v i t a l  i n  determining t h e  cor rec t ions  f o r  the da ta  gathered by the 
continuous-duty multi-color radiometer, A continuous-duty multi- 
co lo r  radiometer would a l so  provide the mapping of t h e  p l ane t ' s  
sur face  temperature, and the enslaving of i t s  f i e l d  of view t o  
the one of the TV cameras would permit co r re l a t ion  of sur face  
f ea tu res  and isothermal l i n e  pa t t e rns  . 

Transmission absorption spectroscopy using t h e  

In  conclusion, a Voyager-to-Voyager o r  a configurat ion involving 
an equivalent  spacecraf t  p a i r  provide desirable a l t e rna t ives  
among seve ra l  schemes considered fo r  a mother/daughter experiment. 

For t h e  T7oyager case,  a poss ib le  requirement t h a t  both Voyagers 
be f u l l y  interchangeable would be e a s i l y  complied w i t h  by in- 
s t a l l i n g  mother and daughter equipment i n  both. Each Voyager can 
a c t  as  mother o r  daughter, achieving f u l l  r ec ip roc i ty  and redun- 
dancy w i t h  only minor increase  i n  complexity. 

An a l t e r n a t e  configurat ion has been inves t iga t ed  during the  
study he re  reported,  s ince  a mothcr/daughter r e f r a c t i v i t y  ex- 
periment could not be performed i f  only one Voyager (or  equivalent  
spacecraf t )  achieved o r b i t .  A s u b s a t e l l i t e  i n s t a l l e d  i n  each 
spacecraf t  would increase  the r e l i a b i l i t y  of operat ion through 
fu r the r  redundancy and 
i f  a s i n g l e  spacecraf t  
Various configurat ions 
w h i c h  a r e  incorporated 

would provide an experiment capab i l i t y  even 
mission would eventual ly  be implemented. 
have been b r i e f l y  s tud ied ,  the r e s u l t s  of 
i n  Appendix B t o  t h i s  r epor t .  Since 
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t h i s  configurat ion is obviously more complex and expensive, it 
has been se l ec t ed  as second choice a l t e r n a t i v e ,  The s a t e l l i t e  needs 
ca r ry  only t h e  daughter por t ion  of t h e  r e f r a c t i v i t y  experiment and 
provisions f o r  Earth communication, i n  order  t o  determine pos i t i on  
and range r a t e  with respec t  t o  the  mother terminal.  
s a t e l l i t e  described i n  t h e  Appendix B i s  a coplanar vehic le ,  spin 
s t a b i l i z e d ,  with t h e  sp in  axis  normal t o  t h e  plane of t h e  e c l i p t i c  
a f t e r  being separated from the main spacecraf t  a t  approximately 
10 met ers/second. 

The sub- 
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3. BACKGROUND AND JUSTIFICATION FOR THE 
CONDUCT OF THE EXPERIMENT 

Before the  space age, occul ta t ion  methods f o r  the  study of 
planetary atmospheres and ionospheres w e r e  l i m i t e d  t o  earth-based 
observations of the  absorption and r e f r a c t i o n  e f f e c t s  imposed by 
these  media upon the  electromagnetic r ad ia t ion  from a s t a r  
chosen f o r  t h e  experiment (Figure 3 - 1 )  . 

The d i f f i c u l t i e s  and p i t f a l l s  of t h e  method were such t h a t  
very few s u c c e s s f u l  occul ta t ion  observations w e r e  made, and even 
i n  these cases  the  i n t e r p r e t a t i o n  of t he  da ta  remains question- 
able ,  
J u p i t e r  (Ref. 1) , of the  Crab Nebula by t h e  Moon (Ref. 2 ) ,  of 
Regulus by Venus (Ref. 3 ) .  

We r e c a l l  t h e  occul ta t ion  experiment of 0 A r i e t i s  by 

The problems r e su l t i ng  from these experiments, and which 
w i l l  be r e fe r r ed  t o  he rea f t e r ,  were t h e  following: 

1, poor signal-to-noise r a t i o  

2 ,  r a r i t y  of usable occul ta t ions 

3 .  r a t i o  of the  s c a l e  height  of t he  p l ane t ' s  
atmosphere t o  the  planet/Earth dis tance too small 

4. probing confined t o  the  upper l aye r  of t he  
atmosphere under inves t iga t ion  

1 

5, decrease i n  measurement accuracy due t o  the  
e f f e c t s  of the  Ear th ' s  own atmosphere and ionosphere 

6. l imi t a t ion  of the  probing t o  only two regions 
of t he  p l a n e t ' s  atmosphere 

7.  nonrepe t i t ive  measurements 

8. s e n s i t i v i t y  t o  sudden change i n  the  r e f r a c t i v e  
and absorpt ive c h a r a c t e r i s t i c s  of the  in te rp lane tary  medium. 
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Figure 3-1 Occultation Scheme Used Before Space Age 
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The development of  space technology made possible  s i g n i f i c a n t  
improvements of t h e  scheme t h a t  have removed many of i t s  l i m i t -  
a t ions  (Ref. 4 ) -  

Even i n  the  case of a s i n g l e  space platform, two new concepts 
emerge. One concept involves a con t ro l l ab le  r ad ia to r  i n s t a l l e d  
i n  the  space platform t h a t  e i t h e r  o r b i t s  o r  f l i e s  by a p lane t  
using a de tec tor  i n s t a l l e d  on t h e  Ear th ' s  sur face ,  The Mariner 
I V  radio occul ta t ion  experiment (Ref. 5) is  t h e  pioneering 
experiment using the  concept wherein the  space vehicle  flew p a s t  
a t a r g e t  planet .  Figure 3-2a depic t s  t h i s  configurat ion.  This 
concept e l iminated a l l  t he  problems previously discussed with 
t h e  t r a d i t i o n a l  occul ta t ion  experiments except Problems 5, 6 and 
7. I f  the  space vehicle  had been an o r b i t e r ,  Problem 7 a l so  
would have been el iminated,  An example of t h i s  configurat ion,  but  
with the  Sun i n  place of the  planet ,  is  the  M I T  Sunblazer exper- 
iment, which probes the  s o l a r  atmosphere (Ref. 6 ) .  

Figure 3-2b shows the  second concept t h a t  uses a s t a r  o r  t he  
sun as the  r ad ia to r  of electromagnetic energy while t he  de tec tor  
i s  i n s t a l l e d  i n  an o rb i t i ng  o r  flyby spacecraf t .  This concept ha 
has already been used i n  the  following s a t e l l i t e  missions: 

a) NRL-1964-01-D and NRL-196 5-16-D s a t e l l i t e ,  which 
measured the  densi ty  of the  Ear th ' s  upper atmosphere from the  
at tenuat ion of t he  s o l a r  X-rays (44 t o  60,  8 t o  14, 8 t o  1 2  8)  
taking place along the  l i n e  of s i g h t  between the  s a t e l l i t e  and 
t h e  sun, while t h i s  l i n e  was descending through the  Ear th ' s  upper 
atmosphere a t  t he  occul ta t ion  en t ry  and e x i t  (Ref. 7 ) .  

b) O S 0  I11 S a t e l l i t e ,  which measured i n  March 1967 the  
upper atnospheric densi ty  of t he  e a r t h  from the  at tenuat ion of t h e  
630 a and 430 k Sun rad ia t ion  while again t h e  l i n e  of s i g h t ,  Sun- 
t o - S a t e l l i t e ,  was c u t t i n g  through the  e a r t h ' s  atmosphere (Ref. 8). 

e) O S 0  I V  S a t e l l i t e ,  which i s  performing a t  present  W 
measurements of t he  Sun r ad ia t ion  and which i s  scheduled t o  per- 
form occul ta t ion  measurements when the  co r rec t  geometrical  re- 
la t ionships  w i l l  t ake  place (Ref, 9) 

The concept of Figure 3-2b eliminated all the  problems of the  
t r a d i t i o n a l  experiments except those i d e n t i f i e d  as 6 and 7 ,  I f  
an o r b i t e r  i s  used, Problem 7 vanishes. 
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Figure 3-2 Occultation Concepts Usable w i t h  Flyby o r  
Single  Orbi te r  Configurations. 
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When two space platforms a r e  avai lable ,  it is  poss ib le  t o  
replace t h e  na tu ra l  noncoherent electromagnetic source with a known 
coherent t r ansmi t t e r  and, a t  t h e  same time, s u b s t i t u t e  t he  Earth- 
bound de tec tor  with a receiver  a l s o  placed i n  t h e  v i c i n i t y  of t he  
planet  under s tudy  (Figure 3-3) .  

The dual  f lyby scheme (Ref.11) belongs t o  t h i s  category 
(Figure 3-3a). 
However, Problems 6 and 7 of  t he  t r a d i t i o n a l  experiment s t i l l  
remain unsolved, s ince  only two regions of t h e  p l ane t ' s  atmos- 
phere a re  probed and the  measurements a re  not  r e p e t i t i v e .  

T h i s  configurat ion provides s i g n i f i c a n t  advantages. 

These l imi t a t ions  a re  e l iminated i f  both space platforms 
o r b i t  the  p lane t  a s  shown i n  Figure 3-3b. Thus, the  dual-orbi ter  
configurat ion appears t o  be the  f i r s t  choice f o r  occul ta t ion  
experiments t o  probe the  atmospheres and ionospheres of t he  
planets .  

Recognizing these  meri ts ,  t h e  Raytheon Company i n i t i a t e d  an 
in-house research e f f o r t  i n  1965 (Ref -11) , Additional research 
a c t i v i t y  was devoted t o  t h e  p o s s i b i l i t y  of ident i fy ing  cons t i tuents  
such as water vapor using an ac t ive  mother/daughter mi l l imet r ic  
wave absorption spectroscopy l i n k  (Ref. 12 ) . These a c t i v i t i e s  
confirmed the  p o t e n t i a l  use of t h e  mother/daughter occul ta t ion  
scheme i n  planetary research and defined problem areas  requir ing 
fu r the r  e f f o r t s ,  

T h e  l imi t a t ions  of occul ta t ion  methods o ther  than the  mother/ 
daughter scheme were s tudied  i n  d e t a i l  and the  ambiguity of 
single-frequency probings was pointed out ,  p a r t i c u l a r l y  i n  
reference t o  p a s t  experiments such as the  Mariner I V  ( R e f .  13 ) . 
The analysis  showed how l a rge  e r ro r s  can be incurred when in fe r r ing  
atmospheric pressures  from single-frequency t o t a l  r e f r a c t i v i t y  
measurements along paths  involving both neu t r a l  and ionized 
atmospheres. 

F ina l ly ,  t he  f e a s i b i l i t y  and p r a c t i c a l i t y  of t he  o rb i t i ng  
p a i r  scheme f o r  use  i n  atmospheric and ionospherk  probing of 
Mars was inves t iga ted  under the  cont rac t  here  r e p x t e d .  From 
the  resul ts  obtained, both the  p r a c t i c a l i t y  and f e a s i b i l i t y  of 
the method f o r  t h e  probing of t h e  Martian atmosphere and iono- 
sphere appear ascer ta ined.  
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4.  TECHNICAL APPROACH 

4.1 EXPERIMENT CONCEPT AND MISSION 

4.1.1 THE BASIC EXPERIMENT 

Refractivity, spectroscopy and radiometry data constitute a 
slightly redundant set of measurements in providing an unambigu- 
ous description of the neutral and ionized atmosphere of a 
planet. 

Their interrelationship is depicted in Figure 4-1. 

The dispersive component of the refractivity profile is ob- 
tained by a dual-frequency method, and yields the ionospheric 
electron density directly for a planet like Mars. 

The nondispersive components of overall refractivity measure- 
ments made in planetary atmospheres require that the refractivity 
measurements be considered in context with other measured data 
to yield pressure, temperature, and density profiles. 

The addition of measurements defining atmospheric consti- 
tuents' profiles obtained by transmission absorption spectroscopy 
allows the derivation of pressures from the refractivity mea- 
surements, under the assumption of an expotential atmosphere. 
The scale height of the refractivity curve yields in fact the 
temperature when the mean molecular weight is known through the 
absorption spectroscopy measurements. Pressure remains, there- 
fore, the sole unknown in the refractivity formula. However, the 
occurrence of Sun-to-Voyager occultations necessary for the ab- 
sorption spectroscopy are rare events for certain Voyager orbital 
orientation, and multicolor radiometric measurements can be used 
to yield the surface temperature, and a low-accuracy but con- 
tinuous probing of the atmospheric temperature and pressure. 

When Sun occultations take place, the radiometric medsurements 
can be calibrated with the high-accuracy transmission absorption 
spectroscopy data. 
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When combined with the refractivity measurements, all these 
data, owing to their redundancy, allow the evaluation of weighted 
error averages and, ultimately, the achievement of a better over- 
all measurement accuracy. 

4.1.2 SECONDARY EXPERIMENTS 

The availability of the instrumentation for the basic experi- 
ment provides an opportunity to carry on additional measurements 
on on a noninterference basis, both during the flight of the two 
spacecraft to Mars and during their orbiting around the planet. 

While the two spacecraft move from the Earth orbit to the 
Mars orbit, the availability of a two-frequency probing link be- 
tween them gives the opportunity of attempting the measurement of 
perturbations in the columnar electron densities in the inter- 
planetary medium, while the links with the Earth allows the same 
measurement from each spacecraft to Earth (Ref. 14) I 

When the two spacecraft are in orbit around the planet, two 
secondary experiments are feasible: the measurement of the har- 
monics in the planet's gravitational field and the observations 
of aerosol particles in the planet's atmosphere. 

Another possibility is to perform radio occultation measure- 
ments of the solar atmosphere by the radio link spacecraft-to- 
Earth in situations of planet conjunction. 

4.2 ORBITAL REQUIREMENTS 

The orbits that are currently postulated for the 1973 Voyager- 
Mars mission are satisfactory for the conduct of a refractivity 
experiment. If Voyager will be replaced in the NASA plans by an 
equivalent spacecraft, the orbit's choice is likely to be such 
that the following requirements are met. The two spacecraft or- 
bits should be coplanar with approximately coincident lines-of- 
apsides. This common orbital plane should be oriinted to contain 
the axis-of-symmetry of the Martian atmospheric bLlge. The two 
orbits must differ in energy by an amount that would allow space- 
craft separation at a rate providing one 360 degree cycle of rel- 
ative rotation in a time period of 20 days or less. No specific 
initial relative positioning in the orbits is required. A dis- 
cussion of the experiment coverage attainable using a pair of 
orbiters that meet these requirements is contained in Section 4.3.2, 
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Some currently postulated Voyager orbits are not optimal with 
respect to the obtainment of transmission absorption spectroscopy 
data during Sun occultations. The experiment requires an orbital 
inclination such that short-period Sun occultations occur at least 
once a week and more often if possible. 

The relative doppler data between the two spacecraft, in ad- 
dition to satisfying the basic experiment requirements, can be 
used to enhance the orbit determination process using stereo dop- 
pler techniques. A by-product of this orbit determination enhance- 
ment might be an increase in the accuracy of determining the 
Martian gravitational coefficients. This would require the devel- 
opment of an orbit determination program that utilizes the space- 
craft-to-spacecraft doppler as one of the observation parameters. 
A preliminary program of this type has been developed already by 
JPL (Ref. 1 5 ) .  

4.3 REFRACTIVITY EXPERIMENT 

4.3.1 GENERAL EXPERIMENT DESCRIPTION 

A phase-coherent dual-frequency probing link established be- 
tween the two orbiting terminals is affected by a doppler shift 
characterized by the following components: 

(a) A geometric component due to the relative motion 
(range rate) of the two link terminals. This component acquires 
a value at each one of the probing frequencies proportional to 
the frequency itself (Afl/Af2 = fl/f2). When the radio path be- 
tween the mother and daughter terminals is entirely in free space, 
this component represents the total doppler shift, and its measure- 
ment, when suitably processed, provides an effective tool for the 
determination of the motion of the two orbiting spacecraft. 

(b) A dispersive component due to ray propagation in the 
ionosphere, for which Af' 1/Af'2 # fl/f2. The method was origin- 
ated by Carl Seddon (Ref. 1 6 ) .  

(e) A nondispersive component due to ray propagation in 
the planet's atmosphere. For this component, qf" 1/Af'12 = f1/f2: 
it is indistinguishable, therefore, from true range-rate doppler, 
unless the latter rate is independently determined. 

The two quantities that are basic to the refractivity measure- 
ments are the dispersive and nondispersive doppler components; 
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they can be obtained by removing the range-rate doppler contribu- 
tions from the total doppler, Therefore, range rate must be known 
with an accuracy of a small fraction of a cm/sec to keep the error 
in refractivity measurements down to a few percent. 

When geometric dopplers are extracted and the doppler residu- 
als obtained, the columnar refractivity measurements can be de- 
rived and converted to desired radial profiles. The conversion 
can be performed using the classical Abel transform (see Ref. 
or by the application of model matching methods (Ref. 17). 

11) 

The columnar measurements are integral measurements and will 
not resolve horizontal gradients in the planet's atmasphere and 
ionosphere when these gradients are too sharp. Fortunately for 
Mars, at ground surface, the requirement for low gradient neces- 
sitates essentially uniform densities over a planet-centered angle 
of a few degrees and this is adequate to resolve the expected day- 
side/night-side gradients, that are significant over 10 's  of degrees. 

4.3.2 ORBITAL MECHANICS ANALYSIS 

4.3.2.1 General 

The selection of orbital parameters for the two spacecraft re- 
quires consideration of the various mission constraints. 
Voyager configuration is the basic alternative submitted to anal- 
ysis in this section. Mission constraints can be grouped into 
trajectory constraints, which arise due to the characteristics of 
the interplanetary transfer trajectory; engineering constraints 
which are necessary for the efficient operation of the spacecraft 
systems and involve such items as avoiding Sun and star occulta- 
tions; and scientific constraints imposed by the design of the 
scientific experiments. 

A two- 

The scope of the investigation of the orbital requirements for 
the refractivity experiment was reduced by disregarding the scien- 
tific constraints imposed by other experiments and, also, by dis- 
regarding the engineering constraints except for the approximate 
size of the Voyager orbits as they are presently kiiown. For the 
assumed Voyager orbital size, the experiment coverage WCIS assessed, 
and desirable orbital orientations were investigated. The results 
are presented here for the refractivity experiment as well as for 
the spectroscopic and radiometric experiments, in the form of or- 
bital requirements. These requirements can be used by NASA mission 
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planners i n  conjunction wi th  t h e  other mission and experimental 
cons t r a in t s  and requirements, i n  order t o  design the  f i n a l  Voyager 
orbi ts ,  or t h e  o r b i t s  of an equivalent  spacecraf t ,  i f  the Voyager 
program w i l l  not  be executed. 

4 . 3 . 2 . 2  Orb i t a l  Requi rements  f o r  t h e  Ref rac t iv i ty ,  Spectroscopic 
and Radiometric Experiment 

Successful r e f r a c t i v e  probing of t h e  neu t r a l  and ionized a t -  
mosphere of Mars requi res  t h a t  t h e  pa th  o f f s e t  po in t  a s  defined i n  
Figure 4-2 pass through enough r e so lu t ion  cells t o  def ine  t h e  
medium completely. For our  purposes, a r e so lu t ion  c e l l  i s  defined 
a s  300 km i n  l a t i t u d e ,  300 km i n  longitude, and 1 km i n  height.  

PATH OFFSET POINT 

I VOYAGER I I  

SIGN I F I CANT P 0 R T I 0 N 

ATMOSPHERE 

Y?*.''.: 
THE MARTIAN A -i . 

/ 
/ 

OF \ 

I 

a = T H E  RIGHT ASCENSION OF 

P = T H E  LENGTH O F  THE PATH OFFSET 
1 1  THE PATH OFFSET 

Figure 4-2 Geometry of t h e  Probing Link 

In  an i d e a l  experiment, t he  path o f f s e t  po in t  would move i n  a 
sho r t  period of t i m e  r a d i a l l y  f r o m  t he  surface t o  the maximum de- 
s i r e d  probing a l t i t u d e  (1000 km), move then t o  an adjaccJnt column 
of ce l l s  and repeat .  

Under t h e  ac tua l  conditions of t h i s  r e f r a c t i v i t y  experiment, 
t h e  probing l i n k  i s  es tab l i shed  using two Voyager spacecraf t  a s  
terminals  and therefore  t h e  motion of t h e  pa th  o f f s e t  i s  governed 
by t h e  assumed o r b i t .  
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In order to investigate the coverage using realistic Voyager 
orbits, the following assumptions were made: The two Voyager or- 
bits have the same orientation (inclination and argument of peri- 
apsis) and the same periapsis height, but differ slightly in the 
length of their semimajor axes. The latter causes a difference in 
mean motion resulting in relative motion between the two space- 
craft. 

Since the two Voyager spacecraft are in coplanar orbits, the 
offset point also moves in the orbital plane, which raises the fol- 
lowing question: Can the three-dimensional characteristics of the 
Martian neutral and ionized atmosphere be defined when the path 
offset point moves in a plane? The answer to this stion is 
affirmative, provided that the Martian atmosphere is first rota- 
tionally symmetric during the time period required to take data; 
second, that the axis of atmospheric symmetry lies in the plane 
of the Voyager orbiters; and third, that the oblateness perturba- 
tions causing rotation of the major axis and nodal line are small 
during the time required to take data. 

The atmosphere of Mars is assumed to have a solar bulge much 
the same as the Earth, fixed relative to the Mars-Sun line and 
whose maximum lags the subsolar point in longitude by a small angle 
(approximately 3 0  degrees, as in the case of the Earth). 

The refractivity experiment requires that the Voyager orbiters 
be coplanar and that their common orbital plane pass through a 
point approximately 3 0  degrees in longitude away from the subsolar 
point in the direction of planet rotation. This does not appear 
to be a serious experimental constraint as a family of orbits of 
varying inclination exist satisfying this requirement that hope- 
fully will also satisfy the other Voyager engineering and experi- 
mental requirements. 

The oblateness of Mars will cause rotations of the orbital 
line-of-apsides and line-of-nodes. For an orbit with a 1000 
kilometer periapsis height and a 20,000 kilometer apoapsis height 
at an inclination (i) these perturbations amount to: 

Line-of-Apsides 

do, - = 0.2 (1-5 cos2i) , deg/day dt 
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Line-of-Nodes 

0.4 cos i, deg/day dS2 
dt 
- =  - 

Rotation of the line-of-apsides has no significant effect on the 
refractivity experiment coverage since it corresponds to a rota- 
tion of the orbital major axis in the orbital plane. However, 
rotation of the line-of-nodes causes the orbital plane to shift 
away from the principal axis of the atmosphere's bulge, unless 
the orbit is at the particular inclination at which the nodal per- 
turbation just equals the rotation of the bulge axis in inertial 
space due to Martian motion about the Sun. Since the latter is 
unlikely, we can assume that the orbital plane will gradually 
shift away from the atmosphere's axis of symmetry. For the assumed 
orbit, the maximum rate of this shift is approximately 0.9 degree/day 
in longitude (0.4 degree due to oblateness and 0.5 degree due to 
planet motion about the Sun) and over the time required to complete 
one cycle of coverage (approximately 20 days) the relative motion 
in longitude will be 18 degrees. Since the angle between the 
bulge axis and the orbital plane changes by a fraction of this 
amount, the assumption that data be taken in a fixed plane passing 
through the bulge axis is almost satisfied. 

The advantage of having nodal motion is that subsequent cycles 
of coverage are all taken with respect to different slices through 
the atmospheric bulge. This enables the complete three-dimensional 
characteristics of the atmosphere to be determined in time. 

Another desirable, although not completely necessary orbital 
requirement is that the orbital plane be perpendicular to the day- 
night transition line (terminator). However, this latter con- 
straint would completely fix the orbital orientation, since it re- 
quires the orbital plane to contain both the Mars-Sun line and the 
Mars-bulge line, and should be considered only if it does not 
conflict with other requirements. 

The size of the Voyager orbit assumed for investigating the 
refractivity experiment coverage has a periapsis height of 1000 km 
and an apoapsis height of 20,000 km. 
as it represents the largest Voyager orbit size postulated, re- 
sulting in the greatest orbital period, and, therefore, the most 
pessimistic orbit from the standpoint of minimizing the coverage 

This orbit was investigated 
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t i m e .  I f  adequate coverage-time c h a r a c t e r i s t i c s  a r e  a t t a i n a b l e  
with t h i s  o r b i t a l  s ize ,  they should be improved with a reduction 
i n  apoapsis height .  

I n  Figure 4 -2 the  Voyager o r b i t s  w e r e  assumed t o  be equa to r i a l ;  
t h i s  enables t h e  o f f s e t  po in t  t o  be located i n  i n e r t i a l  space by 
i t s  r i g h t  ascension, (a), and length from t h e  Martian center  ( p ) .  

T o  obta in  r e l a t i v e  motion between t h e  t w o  Voyager spacecraf t ,  
they w e r e  assumed t o  be coplanar wi th  s l i g h t l y  d i f f e r e n t  semimajor 
a x i s  and, f o r  computational purposes, t h e  same p e r i a p s i s  height .  
The major a x i s  d i f f e rence  was computed on t h e  b a s i s  of having a 
d i f f e r e n t i a l  mean motion between t h e  two Voyagers r e s u l t i n g  i n  one 
360 degree cyc le  of r e l a t i v e  r o t a t i o n  i n  approximately 2 1  days. 
This r equ i r e s  a major a x i s  d i f f e r e n t i a l  between t h e  two spacecraf t  
of approximately 250 km. Although a major a x i s  d i f f e rence  g rea t e r  
than t h i s  i s  acceptable,  t h e  d i f f e rence  c i t e d  i s  cons i s t en t  wi th  
a reasonable coverage t i m e .  

The coverage h i s t o r y  obtained using t h e  above orb i t s  (consid- 
e r i n g  separa t ion  to  begin f r o m  p e r i a p s i s )  i s  shown i n  Figure 4-3. 
It requi res  a f e w  days before  t h e  two spacecraf t  separa te  enough 
f o r  t h e  coverage p a t t e r n  t o  become systematic.  Af te r  t h i s  i n i t i a l  
t i m e  i n t e r v a l ,  t he  o f f s e t  po in t  makes the  excursions shown begin- 
ning i n  t h e  lower left-hand corner of t h e  f igu re  a t  2.28 days from 
separa t ion .  The o f f s e t  p o i n t ,  following the  contour of t he  o r b i t ,  
continues up t o  apoapsis heights  and then decays t o  zero a t  2 . 8  
days a t  which t i m e  it b r i e f l y  reappears on t h e  opposite s i d e  of 
t he  p l ane t ;  t he  f i r s t  of which i s  indicated by a t i m e  mark a t  
2.48 days. This p a t t e r n  continues with t h e  upper curves s h i f t i n g  
downwards and the  lower curves s h i f t i n g  upwards u n t i l  a f t e r  
approximately t e n  days the  two coverage p a t t e r n s  merge ( n o t  shown 
f o r  c l a r i t y )  a t  which t i m e  one-half of t he  coverage cyc le  i s  c o m -  
p l e t e .  
p e r i a p s i s  while t h e  second i s  a t  apoapsis of i t s  o r b i t .  
quently (from 1 0  t o  2 1  days) t he  lower and upper curves in t e r spe r se  
providing add i t iona l  coverage continuing u n t i l  a f u l l  c y c l e  i s  
completed i n  approximately 2 1  days. 

This condi t ion corresponds t o  having one spacecraf t  a t  
Subse- 

A s  shown, t h e  o f f s e t  po in t  moves almost v e r t i c a l l y  through t h e  
a l t i t u d e  band of i n t e r e s t  (h = 0 t o  1000 ki lometers)  four t i m e s  per 
o r b i t .  The r e so lu t ion  ce l l  width i s  approximately f i v e  degrees, 
and therefore  more than adequate dens i ty  of coverage i s  provided 
over much of t h e  f i e l d .  Those por t ions  not  adequately covered a re  
p a r t i a l l y  accounted fo r  by t h e  symmetrical c h a r a c t e r i s t i c s  of t h e  
atmosphere. 
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The behaviour of the path length and the path offset length are 
shown as a function of time in Figures 4-4 and 4-5 respective- 
ly. For the orbit investigated, the path offset moves very rapidly 
through the altitude band of interest moving at a rate approaching 
2 kilometers/second. An obvious disadvantage of the postulated 
Voyager orbit size and shape, apparent from Figure 4-5, is the 
large apoapsis height which results in considerable wasted time 
between subsequent passes through the coverage zone. 

The results of this study suggest the following orbital require- 
ments for the refractivity experiment. 

Orbital Size 

Orbital 
Orientation 

A 1000 kilometer periapsis height by 20,000 
kilometer apoapsis height is acceptable, 
although 1000 by 10,000 would reduce coverage 
time. 
The two Voyager orbits should have slightly 
different major axis in order to provide 
relative motion. 

The two Voyager orbits should have approxi- 
mately the same inclination, and argument 
of periapsis. 

The orbital planes should initially pass 
through the Martian atmosphere's axis of 
symmetry. 

The orbital requirements for the radiometric and spectroscopic 
experiments are easily delineated. 

For the spectroscopic experiment, the only requirement is that 
occultations of the Sun by Mars occur at least 5-10 times during the 
experiment' s lifetime. For the radiometric experiment, no special 
requirement must be imposed, in the final approach adopted by the 
investigators of this experiment in the course of the study here 
reported. 

. 4 . 3 . 3  SIMULATED MISSION INVESTIGATIONS 

In order to gain a better understanding of the refractive por- 
tion of the electromagnetic probing experiment necessary for a 
more accurate experiment design, the Martian atmosphere and iono- 
sphere were simulated and the transmission through them was 
analyzed by means of a double precision ray tracing program, which 
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includes the effect of electron density of the ionosphere, and the 
effects of pressure and temperature of the atmosphere. 

Models of the Martian temperature and pressure profiles were 
constructed by mathematical curve fits to the mean models published 
by NASA (Ref. 18). The equations are given below and the accuracy 
of the fits can be seen in Figures 4-6 and 4-7. 

For the Mars Pressure profile, we adopted the following fit: 

where  , 

a = -. 109064 

a = 2.07946 

a = 0. 575645 

1 

2 

3 
h = height above surface of Mars, km 

For the Mars temperature profile, the fit was as follows: 

For 

O 5 h 1 . 4 0  km 

T = b2 (h t b l )  t b 3 ,  OK 

a h  

2 

- -  a T  - 2b2 (h t b l )  

where  

b l  = -40 

b2 = 0. 06125 

b3 = 132 
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For h > 40 km 

T = 132O K 

- 0  a T  - -  
ah 

The Mars e l ec t ron  dens i ty  model was taken from t h e  l i t e r a t u r e  
(Ref. 1 9 )  except t h a t  t h e  D-layer was removed. ' T h i s  curve was f i t  

with a Chapman double exponential  p r o f i l e .  

where h -h max 
11 w =  

and h i s  t h e  he ight  above t h e  p l ane t  surface,  Nmax i s  t h e  dens i ty  
of t h e  Fa-layer, and hmax is  t h e  he ight  a t  which Nmax occurs. 

N,,, and hmax a r e  made t o  vary with l a t i t u d e  and longitude t o  
model ho r i zon ta l  g rad ien ts .  

Models w e r e  taken t o  be sphe r i ca l ly  symmetric fo r  i n i t i a l  i n -  
ves t iga t ions  and then perturbed i n  a systematic fashion t o  evalu- 
a t e  t h e  e f f e c t s  of sharp hor izonta l  g rad ien ts  on t h e  inversion 
techniques developed. 

For t h e  mean model of t h e  Martian atmosphere, t h e  composition 
was assumed t o  be 75% C 0 2  and 25% N 2 .  

4.3.3.1 Frequency Se lec t ion  f o r  t h e  Ref rac t iv i ty  Experiment 

Using t h e  simulated atmosphere and ionosphere, w e  w e r e  ab le  
t o  select t h e  frequencies of transmission according t o  t h e  follow- 
ing c r i t e r i a .  

(1) The two frequencies must be such t h a t  each of t h e  
two r ad io  paths passing between t h e  two spacecraf t  
must have t h e i r  po in t  of minimum a l t i t u d e  i n  the  
same 1 km x 300 km x 300 km r e so lu t ion  ce l l .  

( 2 )  A t  l e a s t  one of t he  frequencies should be high enough 
so t h a t  t h e  e f f e c t s  of t h e  atmosphere play a dominant 
ro l e .  
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Figure 4-6 Temperature of Martian Atmosphere (Mean Model) 
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(3 )  The frequencies must be separated widely enough t o  
provide t h e  wanted accuracy when separa t ing  disper-  
s i v e  and nondispersive r e f r a c t i v i t y .  

Rays w e r e  t raced  a t  frequencies of 50, 100, 200, 400, 600, 
800, 1000, and 2000 MHz. For each frequency t h r e e  rays w e r e  t raced  
with m i s s  d i s t ance  0,  75,  150 km from t h e  p l ane t  sur face  (ray 
t r a v e l i n g  on a s t r a i g h t  l i n e ) .  T o  s a t i s f y  condi t ion  (1) t h e  height  
of t h e  m i n i m u m  po in t s  of t h e  rays must not vary from t h e  intended 
minimum by more than 0.5 km. 

Phase delay da ta  a t  t he  0 km m i s s  d i s t ance  mus t  be of the  same 
order  of magnitude and opposi te  i n  s ign  t o  the  maximum delay caused 
by t h e  F-layer t o  s a t i s f y  condi t ion ( 2 ) .  Condition ( 3 )  was t e s t e d  
by taking values of r e f r a c t i v i t y  along t h e  rays  of one frequency 
and comparing them t o  values  a t  t he  same a l t i t u d e  f o r  another f r e -  
quency. Having two values  of r e f r a c t i v i t y  a t  a given height  and 
two d i f f e r e n t  f requencies ,  w e  can separa te  t h e  d ispers ive  from the  
nondispersive r e f r a c t i v i t y .  S i n c e  w e  know the  r e f r a c t i v i t y  a t  a 
given height  from our atmospheric and ionospheric models, w e  can 
evaluate  the  error i n  separa t ing  t h e  elements. For frequencies 
which s a t i s f y  condi t ions (1) and ( 2 )  we  then select  the p a i r  which 
gives the  m i n i m u m  e r r o r  i n  condi t ion ( 3 ) .  

By condi t ion (1) frequencies must be g rea t e r  than 100 MHz. 
The h ighes t  frequency was chosen t o  be 2000 MHz i n  order t o  s a t i s f y  
condi t ion ( 2 ) .  For condi t ion ( 3 ) ,  400, 600, and 800 MHz gave 
s imi l a r  errors. For simulation purposes we  have se l ec t ed  600 MHz 
b u t  t he  choice of t he  second frequency can vary between 400 and 
800 MHz depending on system requirements. 

4.3.3.2 Pos i t i on ins  Accuracy Requirements 

I n  order t o  ensure t h a t  t h e  r ad io  path passes through a given 
c e l l ,  we  must know t h e  pos i t i on  of each spacecraf t  wi th in  a given 
tolerance.  The problem was i n  s tay ing  in s ide  t h e  1 k m  height  of 
t he  r e so lu t ion  c e l l .  The following approach was used. 

For a p a r t i c u l a r  minimum poin t  i n  the  ray  pat;?, rays  w e r e  t raced  
from po in t s  along t h e  perimeter of a 0.5 km circle  about t he  m i n i -  
mum point .  A l l  rays  w e r e  assumed t o  be t r a v e l i n g  ho r i zon ta l ly  a t  
these  po in t s  (see Figure 4-8) .  

The loca t ions  found t o  be c r i t i c a l  i n  keeping t h e  po in t  de te r -  
mined i n  a 1 km x 300 km x 3 0 0  km box w e r e  t h e  po in t s  1 and 2 above 
and below t h e  a c t u a l  minimum. 
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I t  was found t h a t  t o  ensure t h a t  t h e  midway pos i t i on  would be 
wi th in  a c i rc le  of rad ius  0.5 km, we  need t o  know t h e  s a t e l l i t e  
pos i t i on  t o  wi th in  0.5 km. 

4.3.3.3 Ranqe Rate Accuracy 

To determine t h e  allowable error i n  range r a t e  determination, 
600 and 2000 MHz rays  w e r e  t raced  through a model ionosphere 
y ie ld ing  two p r o f i l e s  of height  versus phase delay ( cyc le s ) .  This 
da ta  was converted by an Abel transform program (see Subsection 
5.1) t o  r e f r a c t i v i t y  versus  height .  These r e f r a c t i v i t y  p r o f i l e s  
w e r e  then used t o  examine t h e  devia t ion  i n  r e f r a c t i v i t y  when t h e  
phase delay was perturbed by add i t ive  random e r r o r s  with a Gaus- 
s i a n  d i s t r i b u t i o n  of zero mean and var ious standard deviat ions.  
The perturbed phase delay was then converted t o  r e f r a c t i v i t y  by 
A b e l  transform and t h e  perturbed r e f r a c t i v i t y  was examined. A n  

. example i s  given b e l o w  (Table 4-1) for  f = 600 MH.7 with  t h e  e r r o r  
standard devia t ion  of 0.005 cycles .  For t h i s  case  w e  can see t h a t  
t h e  e r r o r  which i s  given i n  percentage i s  less than 2 percent  ex- 
cept  where t h e  r e f r a c t i v i t y  i s  small. The d i f fe rence  between t h e  
perturbed and o r i g i n a l  r e f r a c t i v i t y  has an unbiased mean of 
-1.80 x 10-5 and a standard devia t ion  of 0.008 N-units. 
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TABLE 4-1 

R e f r a c t i v i t y  Er ro r s  Versus Phase Delay Per turba t ions  
(F = 600 MHz, Max. E r r .  = 0.005 cyc le s )  

Per turbed 
R e  f r a c t  i v  i t y  
(N u n i t s )  

2.4251 7 

1.64941 

0. 768318 

0.339886 

0. 167851 

0. 130968 

8. 76163 E - 2  

0. 164949 

0.408443 

-1. 10911 

-7. 00521 

-9.8666 
11.2007 

11. 1251 

10. 1367 

-7.35352 

-4.92 716 

-3.20426 

- 2 .  03337 

-1.21845 

-0.472181 

-0.159433 
0 

Orig ina l  
Ref r a c t i v i t y  
(N u n i t s )  

2.4357 

1. 6292 

0. 77186 

0.3454 

0. 15683 

0. 13566 

0. 09194 

0. 1654 

0.4106 

-1. 114 

-7.  0052 

-9. 8655 

-11.2013 

-11. 1374 

-10. 1227 

-7. 3521 

-4. 9293 

-3.1955 

-2. 0359 

- 1.2 142 

- 0. 47438 

-0. 16463 

0 

Di f fe rence  
( N  u n i t s )  

0. 010533 

-2. 02058 E-2 
3. 54227 E-3  

5. 51381 E-3 

-1. 10212 E-3 

4.69169 E-3 

4. 32375 E-3  

4. 50957 E-4 

2. 15708 F - 3  

-4. 89346 E-3  

1.21966 E - 5  

1. 10450 E-3 

-6. 42747 E-4 

-1.23354 E-2 

1.40057 E-2  

1.42436 E-3 

-2.  13659 E-3  

8. 75658 E-3 

-2. 52644 E-3  

4.24659 E-3 

-2.19937 Ai-3 

-5. 19718 E-3  

0 

R e  l a  t i v e  
E r r o r  

% 

0.432444 

-1.24023 

0.458926 

1. 59636 

-7. 02751 

3.45842 

4. 70279 

0.2 72647 

0. 525348 

0.439269 

-1. 74108 E-4 

-1. 11956 E-2  

5. 73814 E-3 

0. 110757 

-0. 138359 

-1.93735 E-2 

4.33447 E-2 

-0.2 74029 

-0. 124095 

-0.349744 

0.463631 

3. 15688 

5. 78960 E 76 
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In order to meet the criterion of 5 percent accuracy in re- 
fractivity measurements, it was found that the errors in the phase 
delay must have a standard deviation of less than 0.01 cycles for 
f = 2000 MHz and less than 0.005 cycles for f = 600 MHz. The rea- 
son for higher requirements on 600 MHz is that the effects of the 
atmosphere are smaller, relatively speaking, at this frequency 
than the ionospheric ones and can be obscured by the errors affect- 
ing these last. 

doppler residuals be smaller than 0.018 Hz at 2000 MHz and 0.009 
Hz at 600 MHz, assuming an integration time of 1/2 sec, which i s  
compatible with the established resolution cell structure and 
terminals' orbits. . 

This translates to the requirement that the rms "noise" in the 

Consequently, the affordable errors in overall doppler measure- 
ments and in range rate measurement must each be within 1/$2 of the 
above quantities. 

4.3.3.4 

Once 
' cies, we 
ponents. 
we begin 

Recovery Inaccuracies when Dispersive Nondispersive 
Effects are Separated 

we have found the refractivity profiles for two frequen- 
must separate them into dispersive and nondispersive com- 
This is done in the following manner. The quantities 
with are: 
Combined refract ivi ty  at f = f l :  N (f ) = ( p l - l )  x 10 6 

1 1  

Combined refract ivi ty  a t  f = f2 :  N (f ) = (p2- 1 )  x 10 6 
2 2  

We  wish to find N e a n d  NA where  
N 

NA = Atmosphere refract ivi ty  (not frequency dependent) 

= Elec t ron  Density in  e lec t rons /cc . ,  and e 

In addition we will define 

I 
NI = Ionosphere refract ivi ty  a t  f = MI/f;, where  M 1 

= -1/2 Ne (in absence of magnetic field) 
12400 

1 

I 
NI = Ionosphere refract ivi ty  at f 

N 

= MI/fi, where  M 
2 

e 
12400 

= - 1 / 2  
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The indexes of refract ion f o r  f and f are given by: 1 2 

where  

2 N I x  

3 t 2 N I x  
- 

A1 - 

-6 2 (1 t 1 0  N A )  -1 

(1 t N A )  t 2  

- 
2 B1 - 

1 t 2 (A2 t B 2 )  

- (A2 t B 2 )  

where  
1 

2 NI x l o e 6  - 
I 

3 t 2 NI  x A2  - 

B 2  = B 1  

Using the above equations we can wr i t e  L e m  as:  

P? - 1 2 N 1  ( f l ) x  
A I  t B 1  = - 2 M 3 f o r  N1 ( f l ) < <  1 (1  1 

2 + P I  

P2 - 1 

2 + P 2  
(2) 

2 
2 N2 ( f 2 ) x  

2 -  3 
- f o r  N2 ( f 2 )  << 1 A t B 2  = 2 

but 

2 MI x x ~ O - ~  = 5r7 w - “ N  2 
A1 3 I 

=1 

‘2 
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Subtract ing ( 2 )  f r o m  (1) 

from which t h e  e l ec t ron  dens i ty  Ne i s  obtained. 
f o r  NA using (1) 

W e  can solve then 

- -  - 3’ ( N 1 (f 1 ) -  - ;I) 

b u t  
2 x 1 0  -6 NA 

( 1  t NA) - 1 

t 2  
M - 

B1 - ( 1  t 3 t 2 x l o w 6  NA 

B1 
N A =  2 x 10-6 (1 - B1) 

The e r r o r s  i n  t h e  r e f r a c t i v i t y  p r o f i l e s  w i l l  t r a n s l a t e  t o  
e l ec t ron  dens i ty  and atmospheric dens i ty  errors. W e  must now 

. determine what kind of accuracy w e  need i n  our r e i r a c t i v i t y  pro- 
f i l e s  so  t h a t  our errors i n  ionospheric and atmospheric p r o f i l e s  
a r e  to l e rab le .  W e  can no longer use fu l ly  speak of r e l a t i v e  e r r o r s  
s ince  t h e  electron dens i ty  and atmospheric dens i ty  a r e  zero over 
l a rge  por t ions  of t h e  p r o f i l e  (space between atmosphere and iono- 
sphere) .  Absolute errors must therefore  be considered. 
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Gaussian e r r o r s  of zero mean and standard devia t ion  (T w e r e  
appl ied t o  the r e f r a c t i v i t y  p r o f i l e s ,  and they  w e r e  separated i n t o  
e l ec t ron  dens i ty  (e lec t rons  per cc) and atmospheric P/T r a t i o s  
(dynes/cm2/OK) . 

f = 2000 MHz Cr = 0 . 0 5  

0 = 0.005 1) 511.15 el/cc 
2) 0.14242 dynes 

-2 1 c m  

Cr = 0.01 1) 524.218 el/cc 
2) 0.210855 dynes 

c m  -20K-1 

Table 4-2 g ives  
dens i ty  and 2 )  t h e  
t h e  standard deviat  

Cr = 0 . 1  

1) 609.56 el/cc 
2) 0.172002 dynes 

-2 oK-l 

c m  -ZoK-1 

c m  

1) 630.7 el/cc 
2) 0.243348 dynes 

t h e  standard devia t ion  of: 1) the e l ec t ron  
atmospheric P/T r a t i o  f o r  var ious values  of (T, 

. ion of t h e  input  r e f r a c t i v i t y  p r o f i l e .  

The requirements s t a t e d  i n  Subsection 4 . 3 . 3 . 3  impose t h a t  w e  
have a d i f f e r e n t i a l  phase standard devia t ion  of 0. cyc les  for 
f = 2000 MHz and 0.005 cyc les  fo r  f = 600 MHz. I n  r e f r a c t i v i t y  
u n i t s ,  t h i s  leads t o  CT = 0.005 N-units f o r  f = 2000 MHz, and 0 = 
0.0075 N-units fo r  f = 600 MHz. 

TABLE 4-2 

ABSOLUTE ERRORS I N  IONOSPHERIC DENSITY AND 
ATMOSPHERIC P/T RATIOS 
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4.3 .4 RANGE RATE AND POSITION DETERMINATION 

A recent analysis (Ref. 20) conducted at the Jet Propulsion 
Laboratory indicates the capability of determining satellite or- 
bits around Mars with extremely high accuracy. The uncertainty 
in the periapsis altitude, for example, after one orbit, was found 
to vary from a sigma of 0.4 meter to one of 40 meters depending 
upon the particular orbital characteristics. Similarly, the un- 
certainty in the period was discovered to be at most on the order 
of 40 milliseconds. On the basis of this study, it can be con- 
cluded that range rate accuracies on the order of 0.15 cm/sec are 
well within reason. The relative uncertainty in the position and 
velocity of the two satellites relative to each other will there- 
fore be on the same order of magnitude (greater by at most a 
factor of fl, if the separate position and velocity errors are 
independent). This error is larger than the maximum acceptable, 
but it should be emphasized that these results are based on two- 
way doppler measurements only; in particular, they make no use of 
the doppler link between the two satellites, D.W. Curkendall 
(Ref. 1-5) has shown that this link can be particularly effective 
in the determination of the relative orbits of two satellites. 
Effort is being made to include these data in future orbit deter- 
mination programs. Another approach being investigated involves 
a direct extrapolation of the intersatellite doppler data to esti- 
mate the geometric doppler when the transmission path includes 
the Martian atmosphere. 

Finally, it should also be noted that the direct range measure- 
ments, which will presumably be available during the Voyager flight, 
also have not been used in these satellite position determination 
programs. These data, too, could conceivably be used to improve 
the accuracy of the results, although at present this does not 
seem to be necessary. 

It is therefore concluded that the required range rate rms error 
of approximately 0.18 cm/sec does not appear infessible, when all 
the observations are utilized to their fullest. 
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4.3.5 PHASE MEASUREMENT ACCURACY 

4.3.5.1 General 

Three separate doppler measurements are to be used in the 
experiment; viz: 

1. The two-way doppler in the Earth-Voyager I link. 

2. The two-way doppler between the two spacecraft (two 
frequencies). (Since the Voyager I VCO will be phase-locked to 
the signal received from Earth, this measure will also include 
the one-way Earth-Voyager I doppler.) 

3 .  The "stereo1' doppler in the Earth-Voyager I-Voyager I1 
-Earth link. 

It is shown in Section 4.3.6, that the threshold signal-to- 
noise ratio at this loop input is nominally 2 5  db in a 2 0  Hz 
bandwidth. This implies a phase error standard deviation of 0.04 
radian in the 2 0  H z  receiver phase-locked loop bandwidth. If 1/2 
second averages are used to determine the doppler rate, this cor- 
responds to a doppler frequency error of approximately 0.013 H z  
at 2000  MHz. The task of obtaining an error of 0.0065 Hz in the 
600 MHz link is of lesser difficulty. The doppler errors in link 
(3 )  of course will be slightly greater than this value due to the 
error contributions of the other phase-locked loops. Since these 
bandwidths can be made less than the 2 0  H z  bandwidth of the final 
loop, and since these other loops operate at higher signal-to- 
noise ratios, these additional contributions are not likely to be 
significant. For the same reasons, the tracking accuracies of the 
other doppler links will be somewhat greater than that of link ( 3 ) .  

To review in more detail, the behaviour of phase locked loops 
when connected in series, let's consider the block diagram of the 
experiment (see Figure 4-23, Section 4.3.6.2) and let's analyze 
the PLL tandem. Three loops in tandem are involved in the mea- 
surement-one for the Earth-Voyager I link, the second for Voyager 
I-Voyager 11 and the third for Voyager 11-Earth (or Voyager 11-to- 
Voyager I) link. Identical, critically-dampened, second-order 
loops were assumed at each terminal. The phase variance was de- 
rived due to noise at the input of each loop. The Signal/Noise 
ratio at the input of each loop was assumed to be high enough to 
ensure that the loops are operating in the linear region. 
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The total output phase variance (CT 2, due to the thermal noise 
@ at the loop inputs is 

6 dcu + -  N2 I H ( m ) (  d", 
Nl 

2% 
= 2 I H ( m ) l  - 27r 2A22 27J 

-ca -00 

@ 

N3 

2~~~ 
+ -  

-co 

where Ni is the single-sided noise spectral density and Ai the 
signal amplitude at the input to the ith loop, H ( u )  is the loop 
transfer function, 

(s = jcu) (2 1 Ks + K2/4 
s2 + Ks + K2/4 

H ( s )  = 

and K the loop gain. Expressed in terms of the noise bandwidth 
of a single loop (B = 5K/16), oG2 becomes BL+L L 

N2 BL N3 BL + -  + -  - NlBL 29 
0 5xZ7 A i 2  40 2 

2 = 4 8 3  - 
A22 A3 

Assuming a l l  three loop inputs simultaneously attain their thres- 

hold values, - = I 

1 - -  - N1 1 N2 1 N3 

A2 

- -  - 
3-09 X LO3 A3 3.31 x LO2 2.09 104 A1 

= (3.29 x 10-3) B ~ .  (4) % the phase error variance would be 

This, in turn, yields a phase-error variance of 

o = (6.58 x rad2. 
G 
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when t h e  t h r e e  loops a l l  have 20 Hz noise  bandwidths. This repre- 
sen ts  a 9% increase over t h e  variance contr ibuted by t h e  t h i r d  loop 
a lone. 

With 1/2-second in t eg ra t ion  time, twenty independent phase 
samples can be obtained, wi th  reduct ion of t h e  var iance t o  3.25 x 
10-3 rad2. 

The small  percentage increase  i s ,  of course,  a consequence of 
t h e  f a c t  t h a t  t h e  t h i r d  l i n k  i n  t h i s  conf igura t ion  i s  by f a r  t h e  
most c r i t i c a l  one. I n  c o n t r a s t ,  t h e  phase-error variance i n  the  
Earth-Voyager I-Voyager II-Voyager I l i n k  i s  near ly  double ( 1 . 2 2  
x 10-2 vs .  0.64 x rad*) t h e  value it would have w e r e  only t h e  
l a s t  loop involved. Even so,  t h i s  t racking  e r r o r  i s  considerably 
smaller than t h a t  of t h e  preceeding l i n k  and i s  w e l l  below t h e  
maximum acceptable variance.  The phase-error var iance i n  t h e  t h i r d  
conf igura t ion  of concern, t h e  Earth-Voyager I-Earth l i nk ,  i s  a l s o  
a t t a i n a b l e  from Equation ( 3 )  by equating N1 t o  zero ( s ince  only t w o  
loops a r e  involved) .  In  t h i s  case,  s ince  t h e  up-link i s  so muck: 
s t ronger  than t h e  down-link t h e  t o t a l  variance i s  v i r t u a l l y  en- 
t i r e l y  due t o  t h e  l a t t e r  l i n k  alone, = 6.05 x r a d 2 ) .  

A s  t h e  r e l a t i v e  pos i t i ons  of t he  th ree  terminals  change, these  
conclusions a s  t o  t h e  percentage increase  i n  t h e  phase-error caused 
by the  multiple-loop configurat ion may be a l t e r e d .  Nevertheless, 
t h e  t o t a l  var iance should never exceed those values derived above, 
s ince  these  w e r e  determined under t h e  assumption of nominal th res -  
hold condi t ions a t  a l l  t h r e e  (or two) loop inputs .  

A more d i f f i c u l t  problem i s  t o  optimize simultaneously t h e  
t h r e e  loop t r a n s f e r  funct ions.  The configurat ion u t i l i z i n g  ideDti- 
c a l  critically-damped loops was chosen more f o r  h i s t o r i c a l  conno- 
t a t i o n  and mathematical convenience. Simultaneous optimization 
would probably y i e l d  a superior  design, and i n  any case  would es- 
t a b l i s h  a standard t o  which a p r a c t i c a l  system could be compared. 

4.3.5.2 Equipment Phase S t a b i l i t y  

The r e f r a c t i v i t y  measurements requi re  overa l l  r m s  e r r o r s  i n  
t h e  doppler r e s idua l s  wi th in  0.013 H z  a t  2000 MHz and 0.0065 Hz a t  

. 600 MHz, This i n  t u r n  r equ i r e s  t h a t  t h e  components used i n  t h e  
system have neg l ig ib l e  phase changes as  a funct ion of temperature 
and s i g n a l  amplitude. I n  order t o  ob ta in  d i r e c t  information on 
t h e  phase s t a b i l i t y  of t y p i c a l  bu i ld ing  blocks of t h e  r e f r a c t i v i t y  
measurement instrumentation, laboratory tes ts  w e r e  conducted wi th in  
t h e  scope of t h e  present  program. 
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Figure 4-9 dep ic t s  the labora tory  tests setup. The t w o  blocks 
under t es t  w e r e  a bandpass f i l t e r  and a standard wide-band ampli- 
f i e r  s u i t a b l e  f o r  use e i t h e r  f o r  I F  o r  video frequencies.  

Figure 4-10a provides t h e  pass-band curve of t h e  f i l t e r ,  
Figure 4-10b t h e  frequency response of t h e  amplif ier .  

Figure 4-11 shows t h e  v a r i a t i o n  i n  output phase vs  input  ampli- 
0 tude. It shows t h e  remarkable f e a t u r e  of a sole 2 phase r o t a t i o n  

across  60 db dynamic range. 

Figure 4-12 ind ica t e s  output  phase changes vs  ampl i f ie r  and 
f i l t e r  temperature. 

Again it can be not iced how s m a l l  phase r o t a t i o n s  accompany 
very l a r g e  temperature excursions.  

Figure 4-13 provides more d e t a i l s  on t h e  separa te  cont r ibu t ions  
t o  t h e  phase i n s t a b i l i t y  due separa te ly  t o  t h e  f i l t e r  and t h e  
ampl i f ie r .  

Figure 4-14 i l l u s t r a t e s  d i f f e r e n t i a l  phase behaviours of t h e  
assembly f i l t e r / a m p l i f i e r  when temperature changes. There is  no 
detectable v a r i a t i o n  i n  t h i s  parameter. 

VOLTM E TER 

SYNTHESIZER 

VDC 

Figure 4-9 Laboratory Tests,  Setup 
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Figure 4-15 finally indicates how the gain of the assembly changes 
when temperature drifts. Again the smallness of these changes in 
the large temperature range -75OC to +75OC is conspicuous. 

As it is known, doppler instability is given by the ratio A@/At, 
where At is the time interval during which the phase change 
materializes. The irrelevance of the A @ ' s  which stem from the 
laboratory tests can be easily proven. 

In order to cause, for instance, a 0.001 Hz doppler noise, the 
temperature change of 15OoC that Figure 4 indicates as capable of 
producing a 1 6 O  phase rotation should take place in an unrealisti- 
cally short 5-minute time interval. 

It is concluded therefore, that present state-of-art electronic 
blocks are fully adequate to quarantee the phase stability neces- 
sary for the desired refractivity measurement accuracy. 

4.3 - 5 . 3  Antenna Requirements and Phase Problems 

The type of antenna best suited for refractivity measurements 
of the Martian neutral and ionized atmosphere is dependent upon 
the configuration of the mission that uses two orbiters, 3 axes 
stabilized, and in coplanar orbit. An Earth-oriented S-band link 
already on the Voyagers will be available for receipt of a refer- 
ence signal and for telemetry of experimental data to Earth. 

Under these assumptions, no major antenna problems exist. Two 
signals are generated in Voyager I in phase coherency with the ref- 
erence signal coming from the Earth. A reference at 2 0 0 0  MHz is 
then transmitted to the other orbiter. At Voyager Orbiter #2, the 
2 0 0 0  MHz signal, received from Voyager #1, is used to generate two 
phase coherent signals at 500 MHz and 2 1 6 0  MHz, both of which are 
transmitted back to Voyager Orbiter #l. 

The requirements for Voyager #1 can be accommodated by only 
one additional antenna capable of transmitting at 2 0 0 0  MHz, re- 
ceiving at 2 1 6 0  MHz, and receiving at 500 MHz. Their response 
must be omnidirectional in the plane of the Voyaqer orbits. It is 
desirable and feasible to add some gain to this zntenna in the 
plane perpendicular to the orbital plane. 

The requirements for the antenna in Voyager #2 are similar ex- 
cept for a reversal of the transmit-receive function. 
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A precaution must be taken since, if the radiation patterns 
have nulls, each t h e  that the Voyager-to-Voyager radio path line 
passes through one of them, a 180° phase shift results. Based on 
a helical antenna approach, two types of designs have been inves- 
tigated: the one wavelength per turn and two wavelengths per turn 
configurations. The former is smaller in diameter and yields a 
greater variation in the azimuth pattern. The latter has better 
omnidirectional characteristics. Patterns for a single way one- 
wavelength antenna are depicted in Figures 4-16 and 4-17. Patterns 
for the two-wavelength circumference antenna are depicted in Fig- 
ures 4-18 and 4-19. The overall length of the antenna in both cases 
is five wavelengths. Figures 4-20 and 4-21 are photographs of such 
an antenna on a scale model of the Voyager vehicle. Figure 4-12 
shows the anechoic chamber set-up used in the pattern measurements. 

The gain of this antenna over a dipole is approximately 7 db 
(for an overall gain of 9.1 db) including the losses due to cross 
polarization. This gain is sufficient for the 500 MHz antenna and 
is marginal for S-band. By increasing the length of the array the 
extra db needed can be achieved. 

4.3.6 REFRACTIVITY EXPERIMENT SYSTEM REQUIREMENTS 

4.3.6.1 General 

An overall refractivity experiment system block diagram is 
shown in Figure 4-23. 
and will utilize the telemetering and command systems that will 
be a part of standard Voyager equipment. 
ment will make phase comparisons between the Earth-to-Voyager 
reference signal and the two Voyager-to-Voyager signals. 

The experiment will be compatible with 

The refractivity experi- 

In order to make the phase measurement, each received frequency 
must be phase-locked to a common frequency and then phase detected 
to provide the differential phase measurement. The entire process 
of phase-locking the various frequencies requires that a certain 
integer relation between frequencies be maintained in order that 
a common frequency in each phase locked loop be obtained. Actu- 
ally, any combinations of frequencies between Earth ground stations 
and the two Voyagers are possible providing that they are within 
the bandwidths of the various units. However, frequencies can be 
selected in which the harmonics are of lower order and therefore 
more easily obtained with conventional circuits. The proposed de- 
sign (see Figure 4-23) can accomodate any frequency accessible 
to the telemetering and command system. 
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Figure 4-16 Azimuth Pa t t e rn  of One-Wavelength He l i ca l  
Antenna Horizontal ly  Polar ized 
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ANTENNA FEEDPOINT LOCATED AT Oo 

O0 

2 7  

Figure 4-19 Typical Measured Horizontal  Pa t t e rn  f o r  a Two-A 
He l i ca l  Antenna 
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Figure 4-20 Voyager Scale Model with the Helical Antenna 
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Figure 4-21 H e l i c a l  Antenna (Scale Model) 5 Wavelengths 
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Figure 4-22 Voyager Scale Model Used for Antenna 
Studies in Anechoic Chamber 
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The r e f r a c t i v i t y  experiment has been designed t o  provide t h e  
maximum f l e x i b i l i t y ,  permit t ing measurements under most o r b i t a l  
s i t u a t i o n s .  I n  order t o  provide t h i s  f l e x i b i l i t y ,  a mother/daughter 
subsystem is  contained i n  each Voyager spacecraf t .  The operat ing 
modes a r e  shown i n  Figure 4-24. I n  t h e  normal mode (Fig. 4-24a) 
transmission i s  from Voyager I t o  Voyager I1 and t h e  mother subsys- 
t e m  of voyager I i s  ac t iva t ed .  When Voyager I1 i s  occulted (Fig. 
4-24), operat ion between Voyagers i s  t h e  same, b u t  t h e  te lemeter ing 
and command information t o  Voyager I1 must be relayed through 
Voyager I. When Voyager I and X I  are occul ted f r o m  each o t h e r  
(Fig.4-24d) , no r e f r a c t i v i t y  measurements a r e  possible .  

This design, i n  addi t ion  t o  providing t h e  f l e x i b i l i t y  of mea- 
surement, w i l l  a l s o  permit increased r e l i a b i l i t y  because i n  t h e  
normal mode t h e  daughter subsystem of Voyager.1 and t h e  mother 
subsystem of Voyager I1 comprise a complete redundant system f o r  
making t h e  r e f r a c t i v i t y  measurements. The system block diagram of 
Figure 4-23 represents  t h e  normal mode with t h e  redundant subsystem. 

4.3.6.2 System Performance 

The r e f r a c t i v i t y  system performance f r o m  Voyager-to-Voyager w i l l  
be considered here.  L ink ' s  performance between Voyager and t h e  Earth 
s t a t i o n  has been adequately covered i n  t h e  l i t e r a t u r e  (Ref. 21), 
and it i s  assumed t h a t  a s imi l a r  system i s  planned f o r  Voyager. 

The proposed r e f r a c t i v i t y  experiment w i l l  t ransmit  from mother 
t o  daughter a t  approximately 2000 MHz and from daughter t o  mother 
a t  approximately 2160 and 500 MHz. Because t h e  2160 and 2000 MHz 
frequencies a r e  so c lose ,  only t h e  2000 and 500 MHz paths  need t o  
be considered. 

Table 4 - 3 l i s t s  t h e  system performance parameters t h a t  w i l l  pro- 
vide a 25 db signal-to-noise r a t i o  i n  a 2 0  Hz  noise  bandwidth. 
This allows f o r  degradation i n  t h e  performance parameters. Some 
t radeoff  i n  t e r m s  of increased antenna gain and decreased t rans-  
m i t t e r  power may be poss ib le  i f  t h e  o r b i t s  of t he  two Voyagers and 
t h e  s t a b i l i z a t i o n  of Voyagers wi th in  t h e i r  o r b i t s  can be cont ro l led  
t o  permit t h e  higher gain.  N o  antenna s tab i l izar . ion  i s  planned a t  
t h i s  time. 
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Figure 4-24 Dual Orbiter  Operating Modes, 
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Frequency 

X m t r  P o w e r  

Ant. Gain-Total 

Modulation Losses 

System Losses 

Path Losses 
( 1 7  I 000 km) 

KTB (T = 2700°)* 
(B = 20 H z )  

Min S / N  

TABLE 4-3 

SYSTEM PERFORMANCE 

2000 o r  2250 MHz 

44 dbm 

2 0  db 

-3 db 

-3 db 

-185 db 

152 dbm 

25 db 

500 MHz 

44 dbm 

10 db 

-3 db 

-3 db 

-173 db 

1 5 2  dbm 

2 7  db 

*Where T is  the  e f f e c t i v e  system noise temperature and 
includes n o i s e  f igure ,  Ant Temp, and Waveguide losses .  

4.3 .7 EQUIPMENT DESIGN 

4.3.7.1 General 

The need t o  preserve phase information and t h e  l o w  s igna l  
powers ava i l ab le  d i c t a t e  t h e  use of phase-locked rece ivers .  The 
r e f r a c t i v i t y  experiment block diagram (Figure 4-23) shows t h a t  t h e r e  
a r e  t h r e e  phase-locked loops (PLL) i n  the  mother o r b i t e r  and one 
i n  t h e  daughter. Included i n  these  a r e  t h e  necessary t r ansmi t t e r  
and frequency synthes is  components a s  w e l l  a s  t h e  normal l o w  l eve l  
PLL c i r c u i t r y .  The choice of frequencies i s  somewhat l imited by 
t h e  p o s s i b i l i t y  of unwanted c ross t a lk .  I n  p a r t i c u l a r ,  t h e  th ree  
voltage-controlled o s c i l l a t o r s  ( K O ' s )  i n  t h e  mother must be a t  
t h e  same frequency i n  order t o  make v a l i d  comparisons between t h e  
t ransmit ted and received phases. There a r e  howe\er, other  sets of 
frequencies t h a t  w i l l  a l s o  f u l f i l l  a l l  t hese  reqdrements .  
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4.3.7.2 Block Diaqram Description 

Complete block diagrams of t h e  mother and daughter equipment 
required f o r  t h e  r e f r a c t i v i t y  experiment a r e  contained i n  Figures 
4-25 and 4-26. Since t h e  c i r c u i t r y  i s  almost i d e n t i c a l ,  however, 
only t h e  daughter equipment (Figure 4-26)wil l  be explained i n  d e t a i l .  

An RF ampl i f ie r  i s  used t o  e s t a b l i s h  a low rece iver  noise  f ig -  
ure  and provide enough s e l e c t i v i t y  t o  reject t h e  o ther  c a r r i e r s ,  
A tunnel  diode ampl i f ie r  was chosen for t h i s  requirement along wi th  
a l i m i t e r  t o  prevent s a tu ra t ion .  The received s i g n a l  i s  mixed 
wi th  t h e  108th harmonic of t h e  VCO t o  provide a 20 MHz 
which i s  amplified i n  a high gain I F  chain. 
i s  mixed with a lower harmonic of t h e  VCO t o  form a second I F  f r e -  
quency, which i s  compared with t h e  VCO i n  a phase de tec tor .  The 
DC output i s  f i l t e r e d  and fed back t o  c o n t r o l ' t h e  VCO. 

IF frequency, 
The r e s u l t a n t  s i g n a l  

The VCO i s  then mul t ip l ied  by 216 and 50 respec t ive ly ,  t o  form 
the  frequencies t o  be t ransmi t ted  back t o  t h e  mother. Pr ior  t o  
transmission, both a r e  amplified t o  t h e i r  f i n a l  power s igna l  
l eve l s .  

4.3.7.3 Parameter Evaluation 

A loop S/N on t h e  order of 25 db i s  des i r ab le  i n  order t o  
guarantee maintenance of lock i n  a PLL. This loop S/N (SNRL) de- 
termines t h e  phase e r r o r  due t o  noise  and t h e  loop bandwidth. 
Thus : 

which exceeds the  required phase accuracy. 

The loop bandwidth (B ) can be expressed as :  L 
(SNRo) (Bo) - 

BL - SNRL 

Where: B = receiver  predetect ion bandwidth 
0 

SNR = predetect ion SNR 
0 
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Assuming B = 50 KHz (a simple quar tz  c r y s t a l  f i l t e r  
0 centered a t  the  second I F  frequency): 

p... L 
KTB F 

SNR = 
0 

0 

Where Pr = power received v = -127 dbm (worst case)  

FKT = -165 dbm/Hz 

or :  SNR = -9 db 
0 

and: B = 2 0  H z  

The n a t u r a l  loop frequency (u, ) and the loop bandwidth 

L 

n a r e  r e l a t ed  by the equation: 

1 0 n - -  (r + -) Hz (Ref, 22, p. 30) 
BL - 2 41- 

For a damping f a c t o r  of = 0.5 

= 40 radians/second ("n 

With a narrow bandwidth system such as t h i s ,  s igna l  ac- 
q u i s i t i o n  t i m e  can become a problem, e spec ia l ly  j u s t  a f t e r  
occulat ion when it is des i r ab le  t o  obta in  da ta  immediately. 
The doppler s h i f t  can be a s  much a s  5 KHz removed from i ts  
former (pre-occultation) value. One common acqu i s i t i on  
method would requi re  sweeping the  VCO. 

In  order t o  y a i n t a i n  lock, the  loop cannot sweep a t  a 
r a t e  exceeding 0 ( R e f .  22 , p.36 ) .  Thus the  maximum sweep, 
r a t e  is 1600 radysec/sec o r  2 5 0  Hz/second; and 2 0  seconds would 
be required t o  acquire  the  s igna l  under the  conditions out l ined.  

In  order  t o  avoid t h i s  d i f f i c u l t y ,  t he  VCO w i l l  be posi-  
t ioned from the  e a r t h  t o  a value adjusted f o r  the expected 
doppler s h i f t .  

Other parameters of t h e  loop a re :  

1) Max. doppler r a t e  of change 
2 

aLUn n'f = 
2T 

(Ref-22 P-30 
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Where = phase e r ro r .  

Therefore: 

t f  = 5 Hz/second maximum 

2) LOOP ga in  

- 

Loop ga in  and s t a t i c  phase error are related by: 

Where eV = 

A W  = 

K =  

A =  

Kd - 
K =  

N =  

V 

- 

0 

Therefore: 

K =  

and: A = 

Thus, l i t t l e  

4.3.8 INTERFACE 

V 

phase e r r o r  

doppler bandwidth 

A Kd NKo = loop gain 

DC voltage gain 

phase detector c h a r a c t e r i s t i c  = 3 V/radian 

VCO c h a r a c t e r i s t i c  = 1 KHz/volt 

Local osc i l la tor  mul t ip l ica t ion  f a c t o r  = 210 

6 47 x 10 
K 

KdNKo 

V 
= 12 

or no DC gain w i l l  be required i n  the  loop. 

REQUIREMENTS 

N o  special i n t e r f ace  requirements are an t ic ipa ted  a t  t h i s  
t i m e .  Power requirements are indicated i n  Table 4-4. Engineering 
data can be conditioned f o r  video s torage and present  recording 
rates and s torage capaci ty  ava i lab le  on Voyager are expected 
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to be adequate. The Voyager transmission rates are 15,000 
BPS, and expected data rates for the refractivity experiment 
will be less than 1000 BPS: therefore, their direct trans- 
mission is possible. However, the large amount of data to 
be collected when integrated with other telemetry and command 
data for the overall experiment is best handled by the 
provided storage facilities, there Wing no requirement for 
real time processing. Storage requirements are expected to 
be less than 10 percent of the available storage capacity. 

The physical interfaces, weight, size, and temperature, 
will be controlled using configuration management methods 
to assure compatibility. The expected weight and size for 
all of the proposed equipment are indicated in Table 111. 
operation within a temperature environment of a 320F to 1650F 
is anticipated, and the proposed equipment -will generate 
approximately 40 watts of thermal power. 

4.3.9 TELEMETRY REQUIREMENTS 

The parameters that will be monitored and telemetered 
for the refractivity experiment are: 

Phase Differences 
VCO Frequencies 
Phase Lock Loop Status 

In addition, various signals to command the erection of 
antenna and the positioning of VCO frequencies will be re- 
quired. It is expected that provisions will be made in the 
Voyager itself for numerous monitoring of temperature, pressure 
power supply voltages, and various status signals indicating 
events. 

No special requirements for telemetry are anticipated 
because data rates for the above are considerably lower than 
available data rates. The engineering data can be time 
multiplexed using commutators, then converted into binary 
words and stored. Phase shift keying of the binary data to 
a subcarrier frequency and then the summing of this signal 
with necessary synch signals for telemetering to the ground 
station is anticipated as in the Mariner program. 
of the information from Voyager to Voyager will also be 
possible using the existing carrier frequencies. 

Telemetering 

This will 
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permit flexibility during occultations between earth and 
Voyager or Voyager-to-Voyager. It will also introduce re- 
dundancy for increased reliability. 

4.3.10 COMMAND FUNCTIONS 

The command functions required for the refractivity 
experiment will add the following requirements to the exis- 
ting Voyager command subsystems: 

m Refractivity Experiment Antenna Erection 

0 Phase Lock Frequency Adjustment 

0 Start/Stop Command Experiment 

Redundant Change in Components 

Subassemblies 

0 Mother/Daughter Interchange 

As an aid to performing the erection of the antennas, 
the status of the erection will be monitored and telemetered. 
The phase lock frequency adjustment can be made entirely by 
adjusting the DSN transmitted frequency until the phase 
locked loops from both Voyagers are locked up. This pro- 
cedure will be used for initial lock up of the loops and, 
as an aid to performing this operation, the variable eon- 
trolled oscillator (VCO) and lock indication of each phase 
lock loop (PLL) will be monitored and telemetered back to 
the DSN ground station. 

The loss of lock due to occultation is a problem that 
deserves special attention if acquisition after occultation 
is to be effected in a short period of time (less than a 
second). The narrow bandwidths of the phase locked loops 
preclude their self acquisition in such short times and 
necessitate use of programiied auxiliary oscillators or a 
programmed signal drive to the VCO to effect the PLL lock- 
up in short time (about 1/10 of a second). 
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The proposed method c a l l s  f o r  determining a t  the DSN 
ground s t a t i o n  from ephemeris da t a  the t i m e  of expected oc- 
c u l t a t i o n  and the  t i m e  and expected doppler frequency when 
coming out  of occul ta t ion .  A command s igna l  s e t t i n g  the 
VCO, o r  an a u x i l i a r y  o s c i l l a t o r  t o  the  expected frequency 

. when coming out  of occu l t a t ion ,  would penni t  operat ion of 
t he  phase lock loops within the  one second requirement. 
The t i m e s  of occu l t a t ion  and associated doppler frequencies 
could be determined a f t e r  an ephemeris of the  o r b i t s  of 
Voyager has been obtained. A determination of the  doppler 
frequency t o  within 500 Hz would be adequate t o  provide a 
phase lock within one second. 

Power 
(w) 

62 

5 0  

- 
5 

As i n  the  te lemeter ing subsystem, the cbiunand s igna l s  
may be encoded, modulated with a subca r r i e r ,  and t ransmit ted 
from Voyager to  Voyager a s  w e l l  as from Voyager t o  Earth. 
This w i l l  permit a f l e x i b i l i t y  t h a t  w i l l  allow fo r  various 
combinations of occu l t a t ions  and a l s o  increased r e l i a b i l i t y  
because of t he  redundancy. 

Weight Volume 
(kg) (m3 1 

8 0.013 

5.4 0.0067 

2 . 2  0.0038 

2 . 2  0.0067 

4.3.11 SUMMARY OF WEIGHT, S I Z E ,  PRIMARY POWER REQUIREMENTS 
FOR REFRACTIVITY EXPERIMENT 

The summary of the main physical  parameters of the 
equipment involved i n  the  r e f r a c t i v i t y  experiment is pro- 
vided i n  Table 4-4. 

TABLE 4-4 

WEIGHT, VOLUME, AND PRIMARY POWER 

Mother 

Daughter 

Antenna 

Telemetering & Command 
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4 -4 TRANSMISSION ABSORPTION SPECTROSCOPY EXPERIMENT 

4.4-1 MODEL ATMOSPHERE OF MARS 

For purposes of providing guidel ines  and e s t ab l i sh ing  possi-  
ble design l imi t a t ions  fo r  the various absorption experiments 
under study (e.g., microwave, I R ,  W) fo r  Mars, a model atmos- 
phere is  necessary. In the following paragraphs, a s h o r t  survey 
of the cons t i t uen t  abundances is given, and a s p e c i f i c  model 
atmosphere is  se l ec t ed  t h a t  i s  believed t o  represent  a most 
recent  consensus among inves t iga to r s ,  One of the more compre- 
hensive surveys of the atmosphere of Mars i s  presented by 
Brooks (Ref 2 3  ) ,  which i s  believed t o  supersede e a r l i e r  surveys 
such a s  those reported by Rea (Ref. 24 ) ,  and Van Tassel and 
Sal isbury (Ref. 25 ) . Another prominent w appears t o  be t h a t  
due t o  Evans e t  a l .  (Ref. 26 ) , who have p ented data  giving 
p r o f i l e s  f o r  temperature, pressure,  and dens i ty  i n  the atmosphere 
of Mars f o r  s eve ra l  assumed models of cons t i t uen t  abundances. 

4.4.1.1 A Survey of the Consti tuents on the Martian Atmosphere 

4.4.1.1.1 Carbon Dioxide 

B o t h  the  Mariner I V  occu l t a t ion  observations i n  J u l y  1965 
and Earth-based spectroscopic measurements suggest t h a t  C02 i s  
the major cons t i t uen t  of the Martian atmosphere (Ref. 42 , 28 , 
29). Spectroscopical ly ,  GO2 abundances were determined by an 
inves t iga t ion  of the r a d i a t i v e  absorption i n  weak unsaturated 
C02 l i nes .  From da ta  obtained during the  March 1965 opposit ion 
of Mars, abundance values of 65 & 20 m-atm ( R e f .  36 ) ,  68 -I- 2 6  
m-atm ( R e f .  28 ) , and 90 +: 27 m-atm (Ref. 29 ) were obtained. / The 
Mariner I V  observations suggest t h a t  the Martian atmosphere con- 
sists mainly of C02 w i t h  abundances c l o s e r  t o  the smaller values 
suggested by the previous inves t iga t ions  (Ref. 30 ) . Under the 
assumption of an atmosphere of pure C02, a number dens i ty  of 
1.9 rt .1 x 1017mol/cm ( a t  a pressure of 4.9 & .8 m b )  has been 
deduced, based on the immersion of Mariner I V  i n t o  occul ta t ion  
(Ref. 35, 42). 

4.4.1.1.2 Carbon Monoxide 

Carbon monoxide i s  suggested a s  a poss ib le  cons t i t uen t  of the 
upper atmosphere of Mars. Carbon dioxide, f o r  example, may 
undergo photodissociat ion a t  a l t i t u d e s  70 t o  80 k m  by s o l a r  
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ultraviolet radiation giving C02-C0 + 0 (Ref. 3 1). 
constituents may again recombine to form C02 (Ref. 32). Carbon 
monoxide may also be produced by C02 joining with atomic oxygen, 
giving C02 + O+-,CO + 02+. 
CO by the aforementioned processes is about .2 cm-atm (Ref. 33). 
In Figure 4-27 are profile models indicating C02, 0 ,  and CO as 
a function of the Martian altitude, where the process O+ + C02- 
CO + 02' is assumed to be the main loss process in the ionosphere 
(Ref. 42). 

These latter 

The abundance of CO produced from 
2 

4.4.1.1.3 Nitrogen 

Nitrogen was formerly believed to be the main constituent of 
the Martian atmosphere based on the assumption that the surface 
pressure was considerably higher than that suggested by the Mari- 
ner IV occultation experiment (Ref. 42,24) . The results derived 
from the Mariner occultation, however, indicate that nitrogen rep- 
resents a minor constituent in the Martian atmosphere. Cosmic abun- 
dance considerations suggest that the partial pressure of N2 at the 
Martian- surface should be about 1 mb (Ref. 34 ) , which suggests an 
atmospheric model having up to 20% of N2 by volume (Ref. 42). 

4.4.1.1.4 Nitric Oxides 

Although there are many possible oxides that may be produced 
in the Martian atmosphere (Ref. 35 ) ,  their predicted abundances 
are extremely low (smaller than 5 x lo-"/, by volume). Since no 
NO2 absorption has been observed in the spectra of the Martian 
atmosphere, upper limits on its abundance confirm the predicted 
extremely low values (Ref. 3 6 ) .  

4.4.1.1.5 Neon 

Gross et al. (Ref. 34), using the concept of cosmic abundances 
indicates that neon should exist in the Martian atmosphere and 
have a partial pressure of at least 2 mb. 

4.4.1.1.6 Argon 

Argon has been surmised in the Martian atmosphere to account 
for the atmospheric density where the spectroscopically deternined 
amount of C02 is insufficient to supply the total surface pressure 
(Ref. 24, 37). A model atmosphere has been developed that assumes 
that argon may exist up to 20% by volume, while other models exist 
that assume 50% of argon (Ref. 42), corresponding to 60 m-atm of 
C02 and a surface pressure of 10 mb, while 84% concentration nay 
exist with a surface pressure as high as 19.6 mb (Ref. 38, 39). 

4-58 



180- 

160- 

140- 

120- 

100- 

I 
Y 
I 
5 80.  
12 
w 
I 

6 0 .  

4 0  

2 0  

0 

NUMBER DENSITY (CM-3) 

Figure 4-27 Const i tuent  Abundances of CO CO, a n d 0  i n k  2 '  
Martian Atmosphere 

4-59 



4.4.1.1.7 Oxygen 

Both atomic and molecular oxygen a r e  l i k e l y  t o  e x i s t  a t  high 
Assuming a pure C 0 2  atmos- a l t i t u d e s  i n  t h e  Martian atmosphere. 

phere, t h e  r e l a t i v e  abundance of atomic oxygen wi th  C 0 2  and GO is  
i l l u s t r a t e d  i n  Figure 4-27 (Ref. 42 ) . An upper l i m i t  of t h e  
atomic oxygen abundance has  been placed a t  250 cm-atm by Marmo e t  
a 1  (Ref. 3 2  ) .  An upper l i m i t  of t h e  0 2  concentrat ion was set  a t  
2 cm-atmosphere by R e a  (Ref. 24 ) .  

4.4.1.1.8 Ozone 

Marmo e t  a l .  ( R e f .  32 ) i n d i c a t e  t h a t  no evidence e x i s t s  f o r  a 
t h e o r e t i c a l  ozone concentrat ion peak a t  some z l t i t u d e  above t h e  
Martian surface,  bu t  t h a t  only a monotomic decrease of 0 

4 x low4 c m - a t m  has  been placed on 03 concentrat ion by R e a  (Ref. 
24 ) 

concen- 
t r a t i o n  with increas ing  height  probably e x i s t s .  An upper 3 l i m i t  o f  

based on a 2 c m - a t m  concentrat ion of 02. 

4.4.1.1.9 Water Vapor 

Spectroscopic observations ind ica t e  t h a t  Mars has a t r a c e  of 
water ,  most of which i s  probably on o r  under t h e  surface.  The 
atmosphere may contain a small f r a c t i o n ,  amounting t o  10 t o  20 m i -  
crons of p r e c i p i t a b l e  water (Ref. 40 ) .  Spinrad (Ref. 29 )  f o r  
example, suggests 15 microns, while ap ik  (Ref. 30 ) suggests 14 
microns of p r e c i p i t a b l e  H 2 0 .  

Although waper vapor on Mars has been determined spectroscopi- 
c a l l y  from Earth,  t hese  observations a r e  confined only t o  c e r t a i n  
regions with favorable l o c a l  meteorological condi t ions.  
Spinrad (Ref. 29 ) has observed spec t roscopica l ly  water vapor m i -  
g r a t i o n  away from a dwindling polar  cap. 

For example, 

4.4.1.1.10 Summary of t h e  Gaseous Composition 

I n  Table 4-5 i s  a summary ind ica t ing  abundances of t h e  
aforementioned cons t i t uen t s .  
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TABLE 4-5 

SUMMARY OF THE CONSTITUENT ABUNDANCES 
I N  THE MARTIAN ATMOSPHERE 

C o n s t i t u e n t  C o n c e n t r a t i o n  I nves t iqa to r s  

c o 2  65 2 2 0  m-a tm O w e n ,  1966b; O p i k ,  1966; 
Fjeldbo e t  a l ,  1966a 
( R e f .  36, 30, 4 2 )  

co 

N2 

N02 

N e  

A r g o n  

68 2 2 6  m-a tm 

90 2 2 7  m-a tm 

B e l t o n  and H u n t e n ,  1966a 
( R e f .  2 8  ) 

Spiprad e t  a l ,  1966a 
( R e f .  2 9  ) 

44 t o  97% by volume E v a n s  e t  a l ,  1967 
( R e f .  2 6  ) 

. 2  c m - a t m  S h i m i z u ,  1966 ( R e f .  33 ) 

up t o  20% 

3 t o  5 2 %  

smaller than  5 x 

2 m b  

2 0% 

Fjeldbo e t  a l ,  1966a 
( R e f .  4 2  ) 

E v a n s  e t  a l ,  1967 
( R e f .  2 6  

G r o s s  e t  a l ,  1966 
( R e f .  34 1 

Fjeldbo e t  a l ,  1966a 
( R e f .  42 ) 

5 0% G r a y ,  1966a ( R e f .  38 ) 

G r a y ,  196633 ( R e f .  39 ) 84% 

.6 t o  2 5 %  E v a n s  e t  a l ,  1967 
( R e f .  2 6  ) 
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TABLE 4-5 (Continued) 

SUMMARY OF THE CONSTITUENT ABUNDANCES 
I N  THE MARTIAN ATMOSPHERE 

Const i tuent  Concentration Inves t iga to r s  

smaller than 2 cm-atm Rea, 1965 (Ref. 24 ) 0 2  

smaller than 70 cm-atm Evans e t  a l l  1967 
(Ref. 26 ) 

0 

O 3  

H2 O 

smaller than 250 Marmo e t  a l l  1965 
cm-atm ( R e f .  3 2  

4 x 10-4 cm-atm Rea, 1965 ( R e f .  24 ) 

15 x lom4 prec-cm Spinrad, 1966a (Ref. 29 ) 

14 x prec-cm Gpik, 1966 (Ref. 30 ) 

10-20 x prec-cm Otterman e t  a l l  1966 
( R e f .  40 

14 f 7 x lom4 prec-cm Evans e t  a l ,  1967 
( R e f -  26 

According t o  Brooks (Ref. 23 ) ,  t h e  gases and vapors can be 
grouped i n  t h r e e  c l a s s e s  according t o  es t imates  of t h e i r  abundance: 

(1) C02,  A, Ne, N2 comprise 100 m-atm o r  99.95% by volume. 

( 2 )  

( 3 )  

0, 02, H20, CO comprise 5 cm-atm o r  .OS% by volume. 

03, NO, NO2, N 2 0 4  and o thers  comprise 5 x 10-4 cm-atm 

o r  5 x lO-% by volume. 

4.4.1.2 Selected Model of t h e  Atmosphere of Mars 

S ince  C 0 2  i s  gene ra l ly  believed t o  represent  a dominant cons t i -  
t uen t  i n  t h e  atmosphere of Mars, the’ model atmosphere t h a t  w i l l  be 
se lec ted  here  i s  t h a t  given by Evans e t  a 1  (Ref. 26 ) i n  which 
CO comprises 97% of t h e  volume and N2 approximately 3%, with 2 
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existing traces of the other constituents as suggested in the pre- 
vious section. In Figures 4-28 and 4-29 are given altitude pro- 
files of C02 density, pressure, and temperature for the Martian 
atmosphere corresponding to the above suggested atmospheric consti- 
tuent abundances. In examining the absorption due to other con- 
stituents in the atmosphere of Mars (especially near the surface) 
we shall assume uniform mixing in the computation of their density 
distributions. Thus, their density profile may be obtained by the 
proportionality, 

N(CO2) X X(%) 
- (4.4-1) Nx - 97 

where X(%) corresponds to the volume percentage of the minor con- 
stituent, N(C02) corresponds to the density of C02, and NX is the 
density of the minor constituent. 

4 -4.2 MICROWAVE SPECTROSCOPY CONSIDERATIONS 

The possibility of performing a microwave spectroscopy experi- 
ment in the atmosphere of Mars is analyzed here for the configura- 
tion in which a high-gain transmitting antenna is located on the 
"mother satellite" as suggested by the configuration in Figure 
4-30 . Because of the limitation in output power in the present 
"state-of-art" microwave oscillator tubes at frequencies above 
200 GHz, we have concentrated our analysis at frequencies below 
this value. Unfortunately, none of the expected predominantly ex- 
isting constituents on Mars, such as C02, N2, N, and A, absorb in 
this frequency range. Molecules that do absorb in this range, of 
which there are expected possible traces, are H20, 02, CO, 03 and 
NO2. 
combined comprise at most 5 cm-atm (STP) or 0.05% of the total 
density. The maximum density on the surface of Mars for the present- 
ly assumed model atmosphere described in Section 4.4.1 is 1.6 x 
1017 cm-3. An upper limit of the molecular densities in the above 
latter group of constituents is then 5% of this value, which is 

(4.4-2) 

It has been suggested in Section 4.4.1 that these constituents 

It may be noted that if the upper limit density is to correspond 
to a concentration of 5 cm-atm (Ref. 23 ) ,  then Nmax as given by 
4.4-2 may be assumed uniformly distributed over an effective path 
length, 
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ALTITUDE - K M  
Figure 4-29 Profiles of Pressure and CO Density Variation in 

2 Martian Atmosphere 
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MARS 

Figure 4-30 Microwave Spectroscopy Experiment 
Configuration 

CCm-atm (STP)]  x No 

max 
= 17 km (4.4-3 ) - - 

N Leff 

-3 where No is the Loschmidt's number = 2.69 x 10'' (cm ) . 
It is apparent that the expected upper limit of the above 

mentioned constituents (equation 4.4-2) may be too small to obtain 
detectable absorption on Mars. We shall therefore determine inde- 
pendently the values of the constituent densities that do give 
rise to measurable absorptions and compare these values with the 
expected upper limit value (equation 4.4-2). It has been demon- 
strated by Lombardini et al. (Ref. 45 ) that the measurable 
absorption of electromagnetic energy over a propagation path, L, 
that a receiver may detect (under idealized conditions) is given 
by the relation, 
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i 

where it is assumed that a frequency modulated carrier is trans- 
mitted, Pso is the unabsorbed carrier power received, and PNo is 
the noise power at the receiver input given by 

= [F k T Af] (4.4-5) pNO 

where 

F is the noise figure of the receiver 
k is the Boltzmann constant 
T is the ambient temperature 
Af is the bandwidth, 

The expression equation 4.4-4 reduces approximately to that 
derived by Gordy (Ref. 44 ) ,  who considered propagation through 
a uniform gas contained in a cell. The unabsorbed carrier power 
is given by 

h 2 P  G G - T T R !  - 
2 

(4  7-r R) 
pso 

where 

(4.4-6) 

= transmitted power at the mother satellite pT G T , G ~  = gains of transmitting and receiving antennas., 
respectively 

R = distance between satellites 
A = free-space wavelength. 

To obtain an indication of the measurable absorption (4.4-4) 
we shall assume a typical distance, R, between satellites and 
idealized parameters as follows: 

R = lo4 km (equivalent to 1 1/2 times the (4.4-7) 

PT = 10 watts (4.4-8) 

(4.4-9) 

diameter of Mars) 

G~ = GR = 103 

F = 10 
T = 300°K 
Af = 10 Hz 

(4.4-10) 
(4.4-11) 
(4.4-12) 

Substituting the above parameters into equations 4.4-5 and 4.4-6 
we obtain 

(4.4-13 ) -19 = 4 x 1 0  watts 
pNO 
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s 6 x 1 0  -10 h2 wat ts  (where h 2 is i n  m 2 ) (4.4-14) 
pso 

S u b s t i t u t i n g  equations 4.4-13 and 4.4-14 i n t o  equation 4.4-4 re- 
s u l t s  i n  the de tec t ab le  absorpt ion s a t i s f y i n g  t h e  r e l a t i o n ,  

(4.4-15) 

where h i s  expressed i n  m e t e r s .  

A s  a f i r s t  approximation a t  microwave frequencies,  equation 
4.4-15 may a l t e r n a t e l y  be expressed a s  

(4.4-16) 

where N i s  t h e  molecular dens i ty  of t h e  p a r t i c u l a r  cons t i t uen t  i n  
19 -3 t h e  Martian atmosphere, No i s  Loschmidt's number [ 2.69 x 10 c m  1 ,  

and (Yo i s  t h e  absorption c o e f f i c i e n t  a t  STP. The e f f e c t i v e  reduced 
pa th  length a t  STP i s  given by 

(4.4-17) (cm-atm) 
l o 2  

da ' A ( m )  a (db/km) 
0 0 L 

When t h e  equa l i ty  s ign  holds t h e  right-hand s i d e  of equation 
4.4-17 represents  t h e  "minimum" de tec tab le  reduced pa th  length 
(STP) pe r t a in ing  t o  t h e  cons t i t uen t  dens i ty ,  N. This value may 
be compared with t h e  
i f  N i s  assumed d i s t r i b u t e d  uniformly over an e f f e c t i v e  pa th  
length,  Leff, and equation 4.4-16 becomes 

maximum expected value of 5 cm-atm a l t e r n a t e l y  

16 
(cm-3) - 2.69 x 10 - 

min (db/km) Lef f  (km) A b )  (4.4-18) 
N 

0 

where t h e  left-hand s i d e  represents  t h e  minimum detec tab le  densi ty .  
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Assuming the i d e n t i c a l  e f f e c t i v e  pa th  length a s  equation 4.4-3 
(reduced pa th  length over which t h e  homogeneous cons t i t uen t  densi-  
t y  g ives  r ise  t o  t h e  same absorption a s  t h e  inhomogeneous dens i ty  
over t h e  a c t u a l  pa th  length) and using values of Qo ( a t  STP) a s  
provided by Ghosh and Edwards (Ref. 43 ) ,  t h e  corresponding 
values of equations 4.4-17 and 4.4-18 a r e  tabula ted  i n  Table 4-6 
and compared wi th  t h e i r  maximum expected values.  

Comparing the minimum de tec t ab le  values  of t h e  cons t i t uen t  
d e n s i t i e s  (or t h e  corresponding reduced p a t h  lengths)  with t h e i r  
maximum expected values  i n  Table 4-6 , we observe t h e  former t o  
exceed t h e  l a t t e r .  I t  may be concluded from our ana lys i s  t h a t  a 
microwave spectroscopy on Mars i s  not p re sen t ly  poss ib l e  wi th  t h e  
present  power l i m i t a t i o n s  on o s c i l l a t o r  tubes,  and emphasis should 
the re fo re  be placed on I R  and UV spectroscopy t o  d e t e c t  and char- 
a c t e r i z e  t h e  cons t i t uen t s  i n  t h e  Martian atmbsphere. 

4.4.3 IR ABSORPTION COMPUTATIONS FOR THE ASSUMED MODEL 

The aim of t h i s  s ec t ion  i s  t o  present  a model depic t ing  t h e  
expected t ransmit tances  of t h e  in f r a red  r a d i a t i o n  a s  t h e  r a y  pa th  
t o  t h e  s a t e l l i t e  passes  through t h e  atmosphere of Mars, a s  i l l u s -  
t r a t e d  i n  Figure 4-31. Spec i f i ca l ly ,  w e  a r e  i n t e r e s t e d  i n  deter-  
mining t h e  t ransmit tances  versus t h e  tangent a l t i t u d e  ( a l t i t u d e  a t  
which the ray  pa th  i s  tangent  t o  a sphere concentr ic  with Mars) 
over t h e  frequency band of i n t e r e s t  i n  t he  I R  (namely from 2.51.1- 
t o  2 0 ~ ) .  A knowledge of t h e  expected t ransmit tances  over t h e  
var ious s p e c t r a l  bands a s  a funct ion of tangent a l t i t u d e  w i l l  pro- 
vide design c r i t e r i a  concerning required s e n s i t i v i t y  and dynamic 
range of spectrometer. These r e s u l t s  w i l l  a l s o  present  notions a s  
t o  which cons t i t uen t s  may be i d e n t i f i e d  and what t h e i r  l imi t ing  
a l t i t u d e s  are .  

I n  determining t h e  t ransmit tance curves, we  s h a l l  make use of 
t h e  model atmosphere described i n  Sect ion 4.4.1. A s  suggested by 
Plass  (Ref. 46, 47, 67 )  and S t u l l  e t  a l .  (Ref. 48 ) ,  two bas i c  
methods e x i s t  t o  eva lua te  t h e  t ransmit tance through nonhomogeneous 
paths .  The f i r s t  method uses e s s e n t i a l l y  t h e o r e t i c a l  q u a n t i t i e s  
f o r  t h i s  ca l cu la t ion .  For t h i s  case,  it i s  necessary t o  know t h e  
following information as  a funct ion of a l t i t l i de  fo r  every band t h a t  
contr ibuted t o  absorption: (1) t h e  i n t e n s i t y  of every l i n e ;  ( 2 )  
t h e  half-widths of every l i n e ;  (3)  t h e  frequency of every l i n e ;  (4) 
t h e  l i n e  shape. The second method makes use of absorption da ta ,  
e i t h e r  measured o r  ca lcu la ted  f o r  homogeneous paths ,  along which 
t h e  pressure and temperature a r e  constant ,  By r e l a t i n g  c e r t a i n  
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fundamental physical quantities (such as pressure, temperature, 
density) for the inhomogeneous path case with the homogeneous path 
data, the transmittance may be deduced for the former. The basic 
idea is that there are fundamental quantities common to both the 
homogeneous and inhomogeneous cases that are multiplicative in 
nature and therefore cancel when their absorptions are related. 
In using the latter technique, a knowledge of the individual line 
shapes, half-widths, and spacing between the lines in the spectral 
interval in question is not necessary. Because of the comparative 
simplicity of the latter technique, we shall rely on it here to 
compute the expected transmittances for the proposed model. For 
purposes of completeness, the theory pertaining to this method is 
described in Appendix A. 

4.4.3.1 Absorption Criteria 

It has been demonstrated by Plass (Ref.47,67) (see Appendix A) 
that the absorption of infrared energy over an inhomogeneous path 
along which the pressure, density, and temperature vary is equiva- 
lent to the absorption over an equivalent homogeneous path having 
a uniform pressure, density, and temperature if the following re- 
lations are satisfied: 

Stronq Line Approximation 

-1 1/2 
* - pH TH s(T) N ( a )  P T -1’2 dR (atm-cm) (4.4-19) 

n 
0 

uH - 
0 

Weak Line Approximation 
N R 

(4.4-2 0) 

or 

a 
(4.4-2 1) 

4-72 



I 

* where UH is the equivalent absorptive path length (expressed in 
atm-em) and is given by 

(4.4-22) 

where 

NH = density of homogeneous constituent 

LH = equivalent path length over which absorption is 

no = 2.69 x 10'' 

measured or calculated for homogeneous constituent 
(Loschmidt's number) 

= the total pressure and temperature of homogeneous 
constituent 

'H' TH 

N ( R )  = constituent density as specific location along 
inhomogeneous path 

R = total inhomogeneous path length 

P(R)  ,T(J) = the total pressure and temperature at specific 
location along inhomogeneous path 

Si(T) = the ith line intensity in the given spectral interval 
at a point along the inhomogeneous path length 

(TH) = the ith line intensity measured at a temperature,TH. iH 

The function s(T) may be calculated from the theory of molecu- 
lar spectra and has been introduced in the derivation of equations 
4.4-19 and 4.4-21 by assuming that each of the spectral line 
intensities in the spectral interval in question varies according 
to the same functijonal form of temperature. 
represents the i 
tral interval in which i = 1, 2 ... N, then it is assumed that 

That is, if S.(T) 
line intensity at a temperature, T, in a 1 spec- 

where Si(TH) is the ith line intensity evaluated at an equivalent 
homogeneous temperature, TH. Equation 4.4-23 is not valid when 
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large temperature differences occur along the slant path and the 
spectral lines have quite different intensities (Ref. 47 ) .  

Equation 4-4-19 is valid when the absorption of the incident 
radiation is virtually complete over frequency intervals at least 
several half-widths wide around the band centers of the strongest 
lines in the band and when these lines are largely responsible for 
the absorption over the given frequency interval. Equations 4.4-20 
and 4.4-21 are valid when the absorption of each spectral line 
considered individually is small even near the line centers. It 
may be noted that equation 4.4-19 assumes the strong line approxi- 
mation, a pressure broadened half-width, and the approximation of 
equation 4-4-23 to be valid, Otherwise, this relation is valid for 
any variation of line shape, line intensities, half-widths, and 
spacing between the lines in the spectral interval in question. 
Equations 4.4-20 and 4.4-21 assume the weak line approximation and 
these results are independent of the type of broadening (Lorentz 
and/or Doppler) , half-widths, spacing between lines, and pressure. 

The absorption calculated from the Lorentz shape alone is not 
changed appreciably by the Doppler effect for either weak or strong 
lines at heights up to 50  km on the Earth (Ref. 51 ) .  This cor- 
responds to a pressure of 5.9 x 10-1 mm of Hg (Ref. 52 ) ,  which is 
equivalent to an altitude of approximately 35 km on Mars, assuming 
the model of Section 4.4.1 . Since the predominant absorption oc- 
curs below this altitude, some form of Lorentz broadening is appli- 
cable here, thus justifying the use of equation 4-4-19, 

For the present analysis we assume to know the density, pres- 
sure, and temperature along the inhomogeneous path and desire to 
determine the corresponding absorption. Assume for the momen$ 
that*a set of tables exists giving the absorptions at various values 
of UH , PH, and TH. 
has been prepared by Stull et al. (Ref.54,48) for C02 and by Wyatt 
et al. (Ref.55,56) for H20. Their results cover a frequency range 
500 to 10,000 cm-1 at intervals as low as 2.5 cm-l, for three 
temperatures (200, 250, 300°K), seven pressures (.01, .02, -05, .1, 
.2, . 5 ,  1.0 atm), and fifteen amounts. For C02 these amounts range 
from .2 to 10,000 cm-atm, and for H20 these amounts range from 
.001 to 50 prec-cm. If the strong line absoxpticn approximation 
is valid, equation 4.4-19 suggests that the absorption over any 
inhomogeneous path may be deduced by computing the value of the 
integral and examining a set of tablgs for which the absorptance is 
tabulated at values of PH, TH, 
equation 4.4-19. Although a certain amount of arbitrariness exists 

It may be mentioned that such a set of tables 

and UH satisfying the equality of 

4-74 



as to the selection of UH, PH, and TH, only one value of absorption 
is possible as long as (UHPHTH1I2) is constant for the given path. 
Likewise, if the weak line approximation is valid, equation 4.4-20 
suggests that the absorption may be deduced by evaluating the 
right-hand integral and examining any set gf tables in which the 
absorption is tabulated as a function of UH and TH independent of 
pressure. (The function S(T) is intrinsically related to TH as a 
reference.) If neither the strong line nor the weak line approxi- 
mation is valid over the spectral interval, a method of interpola- 
tion may be used to obtain the correct absorption as outlined in 
Appendix A. 

4.4.3.2 Estimate of Expected Absorption for Various Constituents 
on Mars as a Function of Tanqent Heiqht 

We shall here use the formulation presented in the previous 
section, in conjunction with transmittance tables of Stull et al. 
(Ref. 54 , 48 ) and Wyatt et al. (Ref. 55 , 56 ) ,  as well as 
the model atmosphere of Section 4.4.1, to obtain curves describing 
the absorption of various constituents as a function of tangent 
height over spectral intervals of 50 cm-l in the spectral range 
from 2 to 201-1. 
as the existence of many C02 lines in this range, we have particu- 
larly concentrated on this constituent with some emphasis on H 2 0 .  

Because of the expected abundance of C02 as well 

Due to the unavailability of more extensive transmittance 
tables at the time of this report, certain simplifying assumptions 
have been made in the computation of the absorption curves for C02 
and H 2 0 .  These are: (1) the strong line approximation is assumed 
to be valid for C02 over the entire frequency interval considered; 
(2 )  the temperature is constant and equal to T = 300°K. 
tion for C02 was then computed by equation 4.4-19 as the pressure 
and density were allowed to vary over the path lengths. The former 
assumption is considered to be for the most part valid for C02 
since its abundance as well as the absorptive path lengths are 
large. 

The absorp- 

In order to obtain an estimated result here, the following other 
assumptions were made: (1) the radiation from the sun over the 
spectral interval used is considered to be constant during the oc- 
cultation process; ( 2 )  a spherically symmetric atmosphere is as- 
sumed; and (3) refractive effects are neglected. With the receipt 
of more data and its numerical extension, assumptions (1) and (2 )  
of the previous paragraph will be eliminated and the more general 
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situation of the mixed line strength and variations in temperature 
will be considered later. Furthermore, a spherically inhomogeneous 
model will also be considered later and refractive effects, especial- 
ly at tangent heights near the surface of Mars, will be included. 
It may be mentioned that in the synthesis of the data, the refrac- 
tive effects determined independently by the mother-daughter satel- 
lite experiment described elsewhere in this report will be used to 
identify the path more exactly. 

Making use of the above assumptions, equation 4.4-19 becomes 

-1 
* - pH - - N ( 4 )  P d4 atm-cm n 

0 

(4.4-24) 

The equivalent path length of equation 4.4-24 has been numerically 
integrated for C02, assuming the model atmosphere of Section 4.4.1 
for different tangent heights, depicted in Figure 4-31. The re- 
sults are plotted in Figure 4-32 for PH = 1 atm, Comparing the 
results of this curve with the data in the tables by Stull et al. 
(Ref. 48) for C02 and Wyatt et al. (Ref. 56) for H20, leads to the 
corresponding equivalent absorption over the path lengths relative 
to the different tangent heights. In Figure 4-33 the absorption 
displays are plotted as a function of frequency over the spectral 
interval 2 to 20 microns for path lengths corresponding to dif- 
ferent tangent heights. The absorption in db is here defined as 
10 Loglo I d 1  where Io and I are spectral intensities before and 
after absorption, respectively. The available absorption data had 
been computed at center frequencies located at spectral intervals 
of 50 eme1 and averaged over an interval of 50 cm-1 for C02 and 
100 cm-1 for H20. In Figures 4-34 and 4-35 are plotted the ab- 
sorptions as a function of tangent altitude for specific center 
frequencies in both the 151-1 and 41-1 interval. Assuming a 20 db 
dynamic range and a minimum detectable absorption of .5 db, it is 
apparent from Figures 4-34 and 4-35 that the absorption may con- 
tinuously be monitored up to a tangent altitude of, at most, 50 
km. 

4.4.3.3 Synthesis of Absorption Data for the Determination of 
Pressure, Temperature, and Density 

As an illustration of the technique that can be employed to 
synthesize the raw observed absorption data so that pressure, 
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temperature, and gas cons- t i tuent  dens i ty  can be determined, consider  
an idea l i zed  case  of a sphe r i ca l ly  symmetric atmosphere of Mars d i -  
vided i n t o  concentr ic  i n t e r v a l s  (e.g., 1 lun i n t e r v a l s )  a s  shown i n  
t h e  out-of-proportion sketch i n  Figure 4-36 . The r a y  pa th  t r a -  
vers ing the tangent a l t i t u d e  i s  labeled pa th  i (i = 0, 1, 2 * . . ) ,  
where i = 0 represents  t h e  grazing r a y  path a s  shown. . I n  the  in- 
t e r v a l  ( h a  - hi-a), t h e  average values  of pressure ,  temperature, 
and cons t i t uen t  e n s i t y  a r e  denoted by Pi, Ti, and Ni, r espec t ive ly .  1 

Although t h e  absorption throughout t h e  frequency i n t e r v a l  f r o m  
2.51-1 t o  201-1 i s  t o  be measured, w e  s h a l l ,  for t h e  moment, consider 
t w o  s p e c t r a l  i n t e rva l s :  one i n  which t h e  weak l i n e  approximation 
i s  most probably va l id ,  t h e  o ther  i n  w h i c h  t h e  s t rong  l i n e  approxi- 
mation i s  va l id .  For the  weak l i n e  case,  the i n t e g r a l  i n  equation 
4.4-21 may be expressed a s  a d i s c r e t e  summation over the approxi- 
mated uniform path length i n t e r v a l s  depicted i n  Figure 4-36 
Considering N tangent paths ,  w e  may consider t h e  following N equa- 
t i o n s  : 

0 3 .  

* where UH, i s  the  equivalent  absorpt ive length over the jth tangent 
path,  ALjp i s  t h e  p t h  indicated i n t e r v a l  (Figure 
jth p a t h , s ( T i )  N ( h i )  corresponds t o  the values  a t  the i t h  a l t i t u d e .  
The experimental values of the absorptions over the d i f f e r e n t  tan- 
gent  pa ths  d i c t a t e  the values  of Ui1, uH2, ,. .U&, w h i c h  may be 
found from the t ransmit tance t a b l e s  f o r  any value of PH ( the  weak 
l i n e  approximations independent of pressure)  and fo r  a given ref- 
erence temperature, TH. 

4-36 ) for t h e  

* 
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The equations in 4.4-25 represent N equations and N unknowns, 
from which we may obtain a curve relating s(T) N(h) to altitude. 
Assuming that we may express this product relationship functionally 
by fi (h) , then 

s ( T )  N(h) = fib) (4.4-2 6) 

Now consider a frequency interval over which the strong line 
Then equation 4.4-19 may be ex- approximation is most probable. 

pressed in a form similar to equation 4.4-25, namely, 

A1 = 2al A Lll + 2a2 L 1 2  +....+ 2 a  N L 1N 

A2 = O +  

A = O +  N 

where 

2a2 L22 + .. ;r- 2 a  N n L2N 

and 

(4.4-27) + 2 a  AL,,  o+. . . . . . N 

(4.4-28) 

(4.4-2 9) 

where again the absorption over each tangent path dictates a 
specific value of Ai and the unknown coefficients correspond to 

The solution of the N simultaneous equations gives the 
dependence of 1. 

by 

l2 

1' an altitude that we assume to express functionally 

s ( T )  p T -'I2 N = f2(h) (4.4-30) 
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Assuming t h e  p e r f e c t  gas law t o  be va l id ,  

p = k N T  (4.4-31) 

Subs t i t u t ing  equation 4.4-31 i n t o  equation 4.4-30, we  a r r i v e  a t  

k s ( T )  T N2 = f 2  (h) (4.4-32 ) 

Squaring equation 4.4-26 and d iv id ing  t h e  r e s u l t  by equation 4.4-32, 
we  a r r i v e  a t  t h e  t ranscendental  equation, 

(4.4-33 ) 

from which t h e  temperature v a r i a t i o n  a s  a funct ion of a l t i t u d e  may 
be deduced. 
v a r i a t i o n s  by use of t h e  o ther  equations. 

A knowledge of t h e  T v a r i a t i o n s  leads t o  t h e  p and N 

4.4.4 DESIGN CONSIDERATIONS FOR THE I R  SPECTROMETER SYSTEM 

4.4.4.1 Basic Spectrometer System 

I n  view of t h e  requirements of having a simple de tec tor  system 
t h a t  can operate  a t  standard temperatures (e.g., 300°K) and be 
s e n s i t i v e  t o  r a d i a t i o n  i n  t h e  band 2.51-1 t o  20p, a balometer de tec tor  
i s  considered a s  t h e  de t ec t ing  element. I n  order t h a t  we  have suf- 
f i c i e n t  signal-to-noise r a t i o ,  computations a r e  made here  t o  deter-  
mine t h e  requirements on t h e  c o l l e c t i n g  aper ture  fo r  a given high 
r e so lu t ion ,  Ah = 1 km,  and f o r  a se lec ted  type of spectrometer. 

An in t e r f e rence  spectrometer i s  suggested because a ga in  i n  the  
signal-to-noise r a t i o ,  S/N, is  r ea l i zed  over t h a t  obtained with a 
d i spe r s ive  type instrument (Ref. 61 ) .  A sketch of t h e  system 
i s  depicted i n  Figure 4-37 . A c o l l e c t o r  mirror  of area,  A, and 
foca l  length f forms an image of t h e  sun on a plane i n  which a 
c i r c u l a r  hole  of diameter dr i s  c u t  so t h a t  t h e  proper he ight  reso- 
l u t i o n  (e.g., 1 km) i s  obtained. The por t ion  of t h e  image t rans-  
mit ted through t h e  c i r c u l a r  hole  i s  inc ident  upon t h e  interferometer  
cube and t h e  interferogram i s  obtained using a bclometer whose out- 
pu t  i s  subsequently reduced and recorded. In  order  t o  reduce smear 
due t o  t h e  rap id  passage of t h e  s u n - s a t e l l i t e  pa th  through t h e  
atmosphere of Mars, a complete scan of t h e  2 . 5 ~  t o  201-1 spectrum 
should be made i n  a time of 1 second or less. 
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A spectrometer design of the type described above, having a 
spectral resolution A v ,  of 20 cm-l, is commercially available for 
satellite flights (Ref. 65 ) . 

In the following sections the specific design requirements of 
the IR spectrometer will be determined, 

4.4.4.2 Relationship between the Sun's Imaqe and the Orifice Size 

In this section we shall examine the relation between the dia- 
meters of the orifice and the Sun in order to obtain for a given 
Mars-to-satellite distance a height resolution of 1 km. The Sun's 
diameter, Ds, and its average distance to Mars, DSM (Figure 4-38) 
is given by 

DS = 1.4 x LO6 km (4 4-34) 

DSM z 2.2 x 108 km (4.4-3 5) 

The satellite subtends an angle eS (depicted in Figure 4-38 1, 
given by 

B s  F 6 x LOm3 rad (4.4-36) 

At a Mars-satellite distance, dSM, the height interval subtended 
by the Sun along a plane passing through the center of Mars is 

Ah = 6 x LOm3 dSM (4-4-37) 

As an example, for a distance of dSM =. 5000 km, Ah is 30 km. 
in order to achieve a 1 km height resoltuion, an orifice 1/20th of 
the diameter of the Sun's image must be used. 

Thus, 

The size of the image is directly related to the focal length, 
f, of the collecting mirror by the relation, 

-3 
d S =  f B s =  6 x  10 f (4.4-38) 

where 

dS = the image size of the Sun at the image plane; 

f = focal length of collecting mirror. 
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Taking 1/30th of dS, as given by equation 4.4-38, we obtain an ori- 
fice size, 

(4.4-3 9) d = 2 x 1 0 4 f  r 

As will be shown later, limitations must be placed upon dr in order 
that the interferometer maintains its spectral resolution over the 
band. This limitation will then determine the focal length of the 
mirror. 

4.4.4.3 Collectinq Mirror characteristics .. . 

We shall assume that the Sun radiates as a black body source 
having a uniform surface temperature (averaged) that subtends an 
angle, Qs, at the receiver location that is larger than the angu- 
lar beamwidth, eW, of the collecting mirror. It it is assumed 
that the angular beamwidth of the collecting mirror is diffraction 
limited, then 

eW z A/D (4.4-40) 

where 

A = wavelength in spectral interval 

D = aperture of collecting mirror. 

The power received by a "point receiver" 
orifice area is of the order of the focal area) is given by (Ref. 

(e.g., one in which the 

63 1 

(4.4-41) 

where 

C = speed of light (meter/sec) 
A = wavelength (meters) 
h = Planck's constant = 6.6 x 10 j oules/ sI?c 
K = Boltzmann's constant = 1.38 x joules/OK 
T = temperature of Sun z 6 x LO3 OK 

-3 4 

In terms of the wavenumber v = A- >4 x 105 m-1 (i.e./ A >2,5 
microns), equation 4.4-41 reduces to 
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(4.4-42) 

I t  should be noted t h a t  equations 4-4-41 and 4.4-42 a r e  independent 
of t h e  diameter of t h e  c o l l e c t i n g  mirror,  An increase i n  t h e  
diameter of t h e  mirror,  t he re fo re ,  does not  increase  t h e  power flow- 
i n  i n t o  t h e  foca l  a rea  b u t  only decreases t h e  f o c a l  area i t s e l f ,  
which i s  equivalent  t o  increasing t h e  r e so lu t ion  of t h e  mirror  ( i .e . ,  
i t s  a b i l i t y  t o  d i s t i n g u i s h  between two adjacent  po in t  sources) .  
For our present  case  w e  do not have a po in t  rece iver ,  s ince  t h e  
o r i f i c e  diameter d r  w i l l  be much g rea t e r  than t h e  foca l  diameter, 
and hence t h e  power received w i l l  be dependent upon t h e  c o l l e c t o r  
aper ture  area.  The receiving area ,  A,, given by 

rdV2 
L - 

Ar - 4 (4.4-43 ) 

e f f e c t i v e l y  broadens t h e  angular beamwidth of t h e  c o l l e c t i n g  mirror  
and hence t h i s  beamwidth i s  no longer d i f f r a c t i o n  l imi ted  a s  sug- 
gested by equation 4.4-40. 
puted, using geometric o p t i c  theory and i s  given by 

The e f f e c t i v e  beamwidth ee may be com- 

(4.4-44) 

The o r i f i c e  rece ives  r a d i a t i o n  from a l a rge r  area of t h e  Sun than 
does t h e  poin t  rece iver .  
t h a t  t h e  o r i f i c e  aper ture  can be considered t o  be a c o l l e c t i o n  of 
po in t  r ece ive r s  of aper tures  equal t o  some e f f e c t i v e  foca l  area,  
Afi.  
a rea  on t h e  Sun, ASi, given by 

From t h e  above discussion,  we  may deduce 

Each foca l  a rea ,  Af i ,  c o l l e c t s  r a d i a t i o n  from a d i f f e r e n t  

(4.4-45) 

where DSM i s  depicted i n  Figure and BW i s  Given by equation 
4.4-40. I f  t h e  r a d i a t i o n  i n t e n s i t y  i n  t h e  foca l  plane w e r e  uni- 
formly d i s t r i b u t e d  over t h e  e f f e c t i v e  foca l  a rea ,  t h i s  area would 
account for  a l l  t h e  power, A P ( v ) ,  co l l ec t ed  by t h e  mirror  due t o  
r a d i a t i o n  from ASi. 
(Ref. 64 ) we obta in  an expression for A f i  given by 

4-38 

Following t h e  development of Born and Wolf 
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(4-4-46) 

Thus, t h e  t o t a l  power, APr(v), received by t h e  o r i f i c e ,  d r ,  is  equal 
t o  t h e  power received through each e f f e c t i v e  f o c a l  a rea ,  
t h e  number N of foca l  a reas  contained i n  t h e  o r i f i c e .  That i s ,  

A f i ,  t i m e s  

L 

d P r ( v )  = d Po(V) x N d p - 
0 A f i  

(4.4-47) 

01 

(4.4-48) 

where d P o ( v )  is  t h e  power received by a po in t  rece iver  (equation 
4.4-42), A, i s  given by equation 4.4-43 and Afi  by equation 4.4-46. 

I t  should be remembered t h a t  equation 4.4-41 was derived under 
t h e  assumption t h a t  t h e  Sun i s  a uniform black body and t h a t  t h e  
foca l  a rea ,  Afi ,  i s  cons tan t  f o r  focus po in t s  away from t h e  a x i s  
of t h e  c o l l e c t i n g  mirror.  Since t h e  mirror  has an o v e r a l l  e f f i -  
ciency, q ,  due t o  losses  caused by imperfect r e f l e c t i o n s  from i t s  
sur face  a s  w e l l  a s  d i f f r a c t i o n  losses ,  t h e  power rece iver  d P r ( v )  
would then be 

(4.4-49) 

The power determined by equation 4.4-49 i s  t h a t  power which i s  
del ivered t o  t h e  interferometer  cube depicted i n  Figure 4-37 . 
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4.4.4.4 In te r fe rometr ic  Considerations 

I n  t h i s  sec t ion ,  we  s h a l l  g ive  a b r i e f  ana lys i s  of t h e  opera- 
t i o n  of a s p e c i f i c  type of in t e r f e rence  spectrometer of t h e  kind 
depicted i n  Figure 4-39, namely t h e  Michelson type,  i n  order t o  
l a t e r  r e l a t e  t h e  minimum de tec t ab le  atmospheric absorption coe f f i -  
c i e n t ,  umin (See Sect ion 4.4.4.6) t o  t h e  s p e c i f i c  interferometer  
c h a r a c t e r i s t i c s .  When t h e  r a d i a t i o n  from t h e  Sun passes  through 
t h e  atmosphere of Mars, t h e  power received by t h e  o r i f i c e  i s  no 
longer proport ional  t o  t h e  d P , ( v )  a s  given by Equation 4.4-29. 
The absorption due t o  t h e  cons t i t uen t s  i n  the atmosphere w i l l  
modify t h i s  r e l a t i o n  and t h e  power inc ident  on t h e  c o l l e c t i n g  m i r -  
ror w i l l  be proport ional  t o  s o m e  new funct ion E r ( v ) ,  where E r ( v )  
i s  the  received s p e c t r a l  power dens i ty  a f t e r  t h e  r ad ia t ion  has 
passed through t h e  atmosphere. 
then takes  t h e  form, 

The power received by t h e  o r i f i c e  

n 

(4.4-50) 

o r  

(4.4-51) 

w h e r e  C ( v )  i s  the co l l ec t ed  s p e c t r a l  power dens i ty  t h a t  i s  inc i -  
dent  on the  interferometer .  

Consider an e s s e n t i a l l y  monochromatic element of the spectrum 
e(,) s i t u a t e d  a t  a wave number 21. The power inc iden t  on the  in-  
terferometer  i s  given by Equation 4.4-51. When the  movable mirror 
i s  located a t  t he  x = 0 pos i t i on ,  t he  paths  of the two beams, 
caused by the s p l i t t i n g  of t h e  inc iden t  beam, a r e  equal and hence 
the p o w e r  i nc iden t  on the de tec to r  i s  maximum and equal t o  1/2 
C(,)dv. The 1/2  f a c t o r  appears because 1/2 of the power is  re- 
f l e c t e d  o u t  of the in te r fe rometer  along the pa th  of the  inc iden t  
rays. Note t h a t  a l l  s p e c t r a l  components i n  the  spectrum w i l l  add 
i n  phase f o r  t h i s  condi t ion and hence the  de t ec to r  w i l l  have one 
h a l f  of a l l  t h e  co l l ec t ed  s p e c t r a l  p o w e r  i nc iden t  on the  o r i f i c e .  
As the  mirror  i s  moved e i t h e r  t o  the l e f t  or r i g h t ,  the  pa th  
length  of beam 2 changes w i t h  respec t  t o  the pa th  of b e a m  1, 
causing the power inc iden t  on the de tec to r  t o  decrease. When 
x = Nx, the pa th  lengths  d i f f e r  by a h a l f  wavelength, causing 
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complete cance l l a t ion  of the  monochromatic power a t  the de t ec to r ,  
Thus, the power inc iden t  on the  de t ec to r  w i l l  vary a s  

(4 -4-52 ) 

where x = diplacement of mirror  from the reference.  

m 2  / to I f  the mirror  i s  moved a t  constant  ve loc i ty  from -x 

the detected power w i l l  vary i n  a times +xm/2 

J 1 41Tu d P (t) = - C ( v )  t )  + 1 d v  r 4 (4 . 4-53) 

For a de t ec to r  having a responsivi ty ,  R, the  output voltage (de- 
p i c t ed  i n  Figure 4-39) has a time v a r i a t i o n  (Ref. 66 ) ,  

R 
4 d V ( t )  = - C ( y )  d v  COS ( 2 ~ f t )  (4-4-54) 

where the dc term has been omitted, The modulation frequency, 
which may be shown t o  be given by f = 2vu ,  is  t y p i c a l l y  i n  the 
audio range ( i -e . ,  less than 1 kHz). I t  may be noted t h a t  the 
responsivi ty  of a bolometer de t ec to r  is  r e l a t i v e l y  constant  i n  
the  s p e c t r a l  band 2 - 2 0 ~ .  I n  a l l  f u r t h e r  developments we s h a l l  
omit the  dc term of Equation 4.4-52 s ince it does not  contain 
information of the shape of the spectrum. 

Assuming t h a t  the  e n t i r e  spectrum contains  elements t h a t  l i e  
e n t i r e l y  between the  wave numbers from Va t o  vb, the t i m e  o r  
dis tance dependence of the de t ec to r  output would be 

(4 * 4-55 ) 

where = 2x - 2 V t  i s  the  t o t a l  phase path change. 
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I n  o rde r  t o  retrieve the des i red  spectrum C ( v ) ,  one must 
perform an inverse  Fourier  opera t ion  on Equation 4.4-55. Such 
an inverse  transform is  given by 

(4.4-56) 

Since the parameter, y, v a r i e s  f r o m  -Xm t o  +Xm, the funct ion 
P r ( Y )  w i l l  be assumed as zero  outs ide  t h i s  range. 
of this fact  p lus  the fact tha t  P r (y )  is an even function, 
Equation 4.4-56 becomes 

Making use 

Since the parameter y v a r i e s  from -Xm t o  +Xm, the funct ion of 
Pr(Y) w i l l  be assumed t o  be zero outs ide  t h i s  range. Since 
pd(y) is  an even function, Equation 4.4-57 reduces t o  

(4 . 4-58) 

S u b s t i t u t i n g  Equation 4.4-56 i n t o  4.4-58 we have 

W e  sha l l  now show that  i f  Xm is  s u f f i c i e n t l y  l a rge  (a value 
t o  be determined),  the Fourier  Transform S ( V I )  af V ( 7 )  i s  equiva- 
l e n t  t o  the c o l l e c t e d  s p e c t r a l  power dens i ty  C ( y )  . 

I n  practice, one would perform the operat ion given by Equa- 
t i o n  4.4-58 on V ( 7 )  us ing a d i g i t a l  computer o r  an e l e c t r o n i c  
correlator . 
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In t eg ra t ing  the right-hand s i d e  of Equation 4.4-59 with 
respec t  t o  7 we obta in  

'a 
(4.4-60 ) 

) is o s c i l l a t o r y ,  s i n  cy x The function having the form( (Y 

except i n  the v i c i n i t y  of (Y = 0, Since v and V '  a re  p o s i t i v e  
cons tan t ,  the  second term of Equation 4.4-60 w i l l  cont r ibu te  
very l i t t l e  t o  the i n t e g r a l  a s  the in t eg ra t ion  var iab le  v passes 
through v u .  Thus, we s h a l l  neglect  t h i s  cont r ibu t ion  and Equa- 
t i o n  4.4-60 becomes: 

(4 -4-61) 

Case A y Slowly Changing Spectrum 

I f  C ( V )  changes very slowly over the w i d t h ,  Avi, given by 

Avi = ( v - y ' )  -- 
m 

(4.4-62) - 1  - 2x 

then C ( y )  can be replaced w i t h  C ( V I  ) and be taken out  of the 
i n t e g r a l  t o  give 

(4.4-63 ) 

'a 

i s  assumed much l a rge r  than AV upon integra-  'a i' Since y - b t i on ,  Equation 4.4-63 r e s u l t s  i n  

volt-cm C ( v ' ) R  
S('') = 4 
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Thus, when the r e so lu t ion ,  AVj, o f  t he  in te r fe rometer  i s  s u f f i -  
c i e n t l y  small ,  t he  approximate computed spectrum S ( V I  ) is equal 
t o  the  a c t u a l  spectrum C ( V I ) .  The factor of 1/4 i s  present  be- 
cause one-half the p o w e r  is  lo s t  i n  the in te r fe rometer  and the 
o t h e r  h a l f  is l o s t  t o  the  dc component. 

i Case B - Spectrum f o r  C a s e  AV < AV 

I n  case  the l i n e  width A v  i s  less than the  instrument resolu- 
t i o n  A v i  t he  recovered spectrum signal l e v e l ,  S ( V ' )  w i l l  be less, 
w h e r e  S (v '  ) i s  now given by 

Av v + -  
0 2 s i n  2 n ( v  - v ' ) X  

d v  m 
2n(v - v ' )  - ' / R C ( V )  2 S ( Y ' )  - 

nv v - -  
0 2  

(4.4-65) 

I n  Equation 4.4-65, we have assumed t h a t  the l i n e  shape i s  rec- 
tangular  (of width Av) i n  order  t o  i l l u s t r a t e  the form of  S ( v l ) .  
Thus, 

av 
2 s i n  ~ T ( V  - v ' ) X  

2 T ( V  - V ' ) X  

v +  

dv 
m 

m 
v - -  
0 2 

(4 -4-66) 

P nv 

R 
2 S ( V ' )  = - c(vo)xm 

or  

(4 -4-67) 

Thus the peak of the recovered l i n e  i s  
R 

S ( V 0 )  = - 2 c(vo) xm Av 
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When the instrument width A V i  is  greater than the width Av, the 
recovered spectrum peak i n t e n s i t y  i s  reduced by a f a c t o r  A V / A V i -  

~f the instrument width A v i  is  less than the Av, then the re- 
covered spectral i n t e n s i t y  w i l l  be tha t  given by Equation 4-4-64. 

4.4-4.5 Siqnal-to-Noise Ratio of the Recovered Spectrum 

The amount of i npu t  p o w e r  required t o  increase  the  de tec ted  
output  vol tage t o  twice t h e  output  noise  vol tage l e v e l  i s  c a l l e d  
the "noise  equivalent  power" (NEP). W i t h  th is  power, the noise  
vol tage a t  the output  of the de tec to r  changes by 

VN = R (NEP) (4-4-69) 

The s i g n a l  s t r e n g t h  of the interferogram i s  

(4.4-70 ) 

and the  signal-to-noise vol tage r a t i o  a t  t he  cen te r  of  t h e  i n t e r -  
ferogram is  

w h e r e  the NEP i s  given by 

and 

(4.4-71) 

(4.4-72 ) 

where 
A is the  a rea  of de t ec to r  i n  c m  
BW i s  the  bandwidth t h a t  the  output of the  de t ec to r  is  

D* is  the  s p e c i f i c  d e t e c t i v i t y  of the de tec tor .  
subjected t o  

L e t  u s  now focus our a t t e n t i o n  cn a s p e c t r a l  element c ( v ) ~ t ,  
which produces a s i g n a l  a t  the  output terminals of t h e  de t ec to r  cf 
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R C ( V  ) AV v o l t s  (4.4-73) 
0 

It w i l l  be assumed t h a t  t he  spectrum c o n s i s t s  of a s i n g l e  l i n e  
a t  s t r eng th  C ( V  ) having a rectangular  shape of width A V .  
s i g n a l  strengthOof t h i s  element i n  t h e  interferogram would be 
t h a t  given by (4.4-64). The signal-to-noise vol tage r a t i o  i n  
t h e  interferogram i s  f o r  t h e  case of a s i n g l e  l i n e  

The 

(4.4-74) 

It i s  now our  task  t o  determine the signal-to-noise r a t io  i n  the 
processed spectrum denoted by (S/N)s. 
v ious  sec t ion ,  when the re so lu t ion  A v i  of t he  instrument is  
g r e a t e r  than the  s p e c t r a l  width of the l i n e ,  the recovered spec- 
t r a l  i n t e n s i t y  is  reduced by the r a t io  A v / A y i .  Thus the  s p e c t r a l  
energy dens i ty  i s  (from Equation 4-4-68) given by 

A s  was shown i n  the pre- 

c ( V o )  (K) R 
S ( V 0 )  = - 4 (4 .I 4-7 5 )  

Parseva l ' s  r e l a t i o n  y i e l d s  the  following f o r  the  noise  power, 
NS , i n  the recovered spectrum (Ref. ) ,  2 

- v a )  = Ni2 Xm 
2 

NS ('b 

2 w h e r e  N = noise  p o w e r  dens i ty  
equation assumes t h a t  the noise  
uncorrelated wi th  s i g n a l ,  Thus 
spectrum is  given by 

i 

Now t h e  noise  
r e s u l t s  i n  

(4- 4-7 6) 

i n  the  interferogram. The above 
i n  the interferogram N 
the noise  i n  the  processed 

Xm i s  i 

(4.4-77) 

N .  i n  t he  interferogram given by Equation 4.4-69 
1 

/ X 
(4-4-78) 

Thus the signal-to-noise r a t i o  i n  the recovered spectrum is  
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w h e r e  

S u b s t i t u t i n g  Equation 4.4-80 i n t o  4.4-79 we ob ta in  

I n  t e r m s  of NEP, Equation 4.4-81 becomes 

(4.4-7 9) 

(4.4-80) 

(4.4-8 1) 

(4.4-8 2 ) 

where 

2 

Since the re  i s  an ine f f i c i ency  assoc ia ted  wi th  the  i n t e r f e r o -  
meter, Equation 4.4-81 should be mul t ip l ied  by v i ,  which is  de- 
f ined a s  the  e f f i c i ency  of t he  interferometer .  Thus the  s igna l -  
to-noise r a t i o  is  

(4.4-83 ) 

4.4.4.6 Minimum Detectable Absorption 

Since we  a r e  i n t e r e s t e d  i n  observing the  absorption l i n e s  of 
the atmospheric cons t i t uen t s ,  the  s i g n a l  we  d e s i r e  t o  d iscern  
would correspond t o  a d i f f e r e n t i a l  decrease i n  the  received spec- 
trum of the Sun. W e  must be able t o  d i s t ingu i sh  t h i s  change from 
any random changes due t o  noise.  Assuming t h a t  the f luc tua t ioqs  
are e n t i r e l y  due t o  noise  i n  the thermal de t ec to r ,  we  can obtai.7 
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an est imate  of the minimum detec tab le  absorption, amin. W e  
def ine  Qmin a s  t h a t  t o t a l  absorption along the  pa th  which is  re- 
quired t o  cause a change i n  the  recovered spectrum of l e v e l  equal 
t o  the noise  i n  t h i s  spectrum. Thus, without absorption the  pro- 
cessed s p e c t r a l  d i s t r i b u t i o n  i s  

(4 . 4-84) 

where vo is  the  wave number a t  which absorption is  t o  take place.  
In  presence of absorption, the r e s u l t a n t  processed spectrum w i l l  
be reduced i n  magnitude by an amount AS ( y  ) . That is ,  

0 

(4.4-8 5 )  

Now the amount of change A S ( y o )  t h a t  i s  obtained is a func- 
t i o n  both of the  i n t e n s i t y  of the  absorption l i n e  and i t s  ef fec-  
t i v e  width AY. For example, the incoming co l l ec t ed  spectrum may 
have the c h a r a c t e r i s t i c s  depicted i n  Figure 4-39. 

I n  order  t o  determine A S ,  l e t  u s  consider the following 
argument. In  Sect ion 4.4.4.4 we had shown t h a t  f o r  an emission 
l i n e  of width Ay and peak s t rength  C (yo), the  processed spectrum 
had an amplitude, 

(4.4-8 6) 

and a width equal t o  the instrument width A y i .  Thus a narrow 
s p e c t r a l  element i s  smoothed out  by the  l imi ted  response of the 
instrument. I t  appears, therefore ,  t h a t  an absorption l i n e  as  
shown i n  Figure 4-40 would a l s o  be smoothed out (e .g . ,  the  de- 
pression decreased i n  i n t e n s i t y ) .  Thus, f o r  absorption l i n e  of 
change AC we assume t h a t  

where 

(4.4-87 ) 

(4.4-88 ) 

Subs t i t u t ing  Equation 4.4-87 and 4.4-88 i n t o  4.4-85, we obtain 
t h a t  a t  the absorption l i n e ,  yo, the  processed spectrum has a 
magnitude given by 
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(4.4-89) 

I n  o rde r  t o  be able t o  d e t e c t  the change [ S o ( v o )  - S ( v 0 ) ]  i n  
the processed spectrum, this  change must be a t  least  equal  t o  the 
noise  N e Thus, 

S 

(4.4-90) 

S u b s t i t u t i n g  Equations 4.4-89 and 4.4-77 i n t o  4.4-90 w e  ob ta in  

w h e r e  C o ( v o )  is the co l l ec t ed  s p e c t r a l  power dens i ty  i n  absence 
of absorption and i s  given by 

2 

(4.4-92 ) 

L e t  us  assume t h a t  i n  presence of an absorption l i n e  t h a t  
C ( v o )  can be expressed a s  

(4 e 4-93 ) 

w h e r e  CY would be a measure of the  t o t a l  absorpt ion along the 
e n t i r e  pa th  of t he  r a d i a t i o n  centered a t  v = vo. 
Equation 4.4-93 and 4.4-92 i n t o  4.4-91 r e s u l t s  i n  the  following 
expression for CY - 

S u b s t i t u t i n g  

min 

(4.4-94) 
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Subs t i t u t ing  Equation 4.4-72 f o r  NEP and Equation 4.4-80 f o r  E%?, 
we  ob ta in  

a 
min q V .  KCT D* 

1 

1 1: 5) 2 
1 

2/T, 
(4 . 4-95) 

w h e r e  Av is  the e f f e c t i v e  width of the l i n e ,  Tm i s  the scan t i m e ,  
and T i s  the e f f e c t i v e  temperature o f  the  Sun. 

I n  order  tha t  the temperature f luc tua t ions  of the Sun do no t  
cause f luc tua t ions  i n  the processed spectrum g rea t e r  than the  
noise  N t he  temperature va r i a t ion  AT must s a t i s f y  the inequa l i ty ,  S' 

(4.4-96) 

absorpt ion coe f f i c i en t ,  amin, is d i r e c t l y  r e l a t ed  

< a  AT 
T min 
- 

The minimum 

and can be e a s i l y  shown t o  be 
S 

(4 -4-97 ) 

4.4.4.7 L i m i t s  on Resolution and Determination of Focal Length 

The r e so lu t ion  of  t he  interferometer  i s  given by Equation 
4.4-62, w h i c h  shows tha t  i n  order  t o  achieve a b e t t e r  r e so lu t ion  
a l a r g e r  displacement of the movable m i r r o r  must be made. 
Typical r e so lu t ions  of t he  order  o f  20 cm'l can be achieved 
eas i ly .  However, because of d i f f e r i n g  pa th  lengths  f o r  rays  
obl iquely inc iden t  on the in te r fe rometer ,  t he  s o l i d  angle of 
acceptance f o r  a given r e so lu t ion  A y i  (or  conversely,  the resolu- 
t i o n  f o r  a given s o l i d  angle of  the source) i s  l imi ted  by the 
equation (Ref, 67 ) , 

2Tr avi 
. Q l  V 

(4.4-98) 
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The s o l i d  angle subtended a t  the  o r i f i c e  is 

2 

n r =  [A) 
In  order  t o  realize the f u l l  aper ture  
and the  reso lu t ion  Avi ,  Q, must be 

2n avi 
"r I v 

Subs t i t u t ing  Equation 4-4-99 i n t o  

(4. 4-99) 

of the c o l l e c t i n g  mirror  

(4.4-100) 

4.4-100 r e s u l t s  i n  

-1 5 Selec t ing  &I. = 20 c m  and the  l a r g e s t  wave number = 5 x 10 
cm-1 we ob ta tn  t h a t  

(4.4-101) 

- 

f z 1 0 D  (4.4-102) 

Thus, the angle of rays  inc ident  on the  interferometer  is  

D -1 8 = - < 10 rad = 6 O  r f -  (4.4-103) 

4.4.4.8 Or i f ice  S ize  

In order  t o  obtain a f i n e  height  reso lu t ion  ( i - e . ,  Ah = 1 km) , 
an o r i f i c e  1/30th on the  diameter of t h e  sun image is  required.  
The ac tua l  dimensions of t h e  o r i f i c e  is  then determined by the  
image s i z e ,  which i s  proport ional  t o  the  foca l  length as shown 
by Equation 4.4-38. In  order  t o  be able t o  neglect  d i f f r a c t i o n  
e f f e c t s  of t he  o r i f i c e ,  t he  o r i f i c e  diameter should be many t i m e s  
l a r g e r  than t h e  longest  wavelength considered (e-g. ,  20~). The 
angle of r ad ia t ion  due t o  d i f f r a c t i o n  e f f e c t s  i s  A/dr and t h i s  
should be equal t o  o r  smaller than Equation Q.4-iO3. Thus, 

(4.4-104) A f  
dr > D- 
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Noting that  d r  and f a r e  r e l a t e d  by Equation 4.4-39, that  is, 

-4 d = 2 ~ 1 0  f r (4.4-105) 

we  must,  i n  so lv ing  Equation 4.4-105 f o r  dr, make su re  Equation 
4.4-104 is  s a t i s f i e d .  /If Equation 4.4-104 cannot be s a t i s f i e d ,  
it would be necessary t o  interpose a co l l imat ing  lens between 
the o r i f i c e  and the in te r fe rometer ,  

4.4.4.9 Dynamic Range 

I n  order  t o  realize the signal-to-noise r a t i o  (S/N)s of the 
recovered spectrum, the recording system must have a dynamic 
range s u f f i c i e n t l y  large i n  order  t o  contain the wide amplitude 
va r i a t ions  of the interferogram. 
as the r a t i o ,  

The dynamic range is defined 

N =  vo 
vN 

(4 , 4-10 6) 

w h e r e  V(o) i s  the amplitude of the interferogram when a l l  phase 
pa ths  a r e  equal ,  and this  corresponds t o  the maximum l e v e l  on the 
interferogram. VN is  given by Equation 4.4-69 and V(o) i s  given 
by 

Subs t i t u t ing  from Equation 4.4-51 f o r  C ( v ) ,  

(4.4-107) 

v a 
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Since i n  absence of  absorpt ion we  have the maximum value of V ( o )  , 
we shal l  solve Equation 4.4-108 f o r  this  case. Thus, replacing 
E ( v )  w i t h  2KCT, we  ob ta in  

2 

(4.4-109) 

Subs t i t u t ing  Equations 4.4-109 and 4-4-69 i n t o  Equation 4.4-106, 
w e  ob ta in  

I , 2  
( E  dr. E. J 2KCT ( v ~  - 

NEP 
4 A  f N =  (4.4-110) 

The dynamic range can be expressed simply i n  terms of (S/N)s i n  
absence of absorpt ion by so lv ing  f o r  C (v0) i n  Equation 4.4-82. 
Subs t i t u t ing  this  value i n t o  Equation 4.4-110 gives  

N =  (4.4-111) 

3 -1 -1 
--v ) s 5  x 10 c m  , Avig20 c m  , Thus, f o r  a (S/N)s = 10 , (vb a 

2 

(4.4-112) 3 N z 5 x 1 0  

4.4.4.10 Determination of Signal-to-Noise Rat io  

I n  order  t o  have a signal-to-noise r a t i o  ( i n  the reduced 
spectrum) that  i s  s u f f i c i e n t l y  high (g rea t e r  than l o o ) ,  the col-  
l e c t i n g  mirror  a rea  must have a s u f f i c i e n t l y  l a rge  area.  Accord- 
i ng  t o  Equation 4.4-97 the m i n i m u m  de t ec t ab le  absorption i s  pro- 
po r t iona l  t o  the inverse  of the signal-to-noise r a t i o  (S/N)s i n  
the reduced spectrum. Assuming that an omin of  loo2  is  des i red ,  
a c o l l e c t i n g  mirror  diameter D,  w h i c h  w i l l  r e s u l t  i n  a (S/N) = 
102, must be computed. S 
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S' From Equation 4.4-81 we have for (S/N) 

where 
(4.4-113) 

(4.4-114) 

Av is the spectral width of an absorption line, 

In absence of absorption E(v) is given by Equation 4.4-42, 

Thus, in the absence of absorption, 

2 d - 2KCT AV ' ] D* 6 (4.4-115) 
vo 1/2 4 A  f 

- - a 
A 

ial, 4 

where r( = vi 7 is the overall efficiency, 
0 

For an assumed Sun temperature of T = 6 x lo3 OK, 

2KCT = 6.6 x 10 watts-cm -9 
(4.4-116) 

-2)2 2 Considering a thermistor bolometer of area A = (2.5 x 10 
and D* given by (Ref. 66 ) ,  

cm 

(4 ., 4-117 
8 D* = 8 x 10 cm(sec)'l2/watt 

Substituting Equations 4.4-116 and 4.4-117 into Equation 
4.4-113 we obtain for Tm = 1 sec., 

(4 . 4-118) 
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S u b s t i t u t i n g  Equation 4.4-39 i n t o  4-4-118 and consider ing the 
spectral l i ne  width Av t o  be equal t o  Avi = 20 cm-1,  Equation 
4-4-118 becomes 

(4 -4-119) 

Solving f o r  (D/h) ,  

(4.4-120) 

2 -1 
For an assumed value o f  (S/N) = 10 and ‘qo = 10 a t  h = 
2 x 10-3 cm,  S 

D = 16 c m  (4.4-12 1) 

4.4.4-11 Recapi tulat ion of Desiqn Parameters 

B e l o w  i s  a r ecap i tu l a t ion  of t h e , d e s i g n  parameters of the I R  
spectrometer necessary t o  achieve a (S/N)s = l o 2 .  

a ,  Mirror diameter (Equation 4-4-121) 

2 2  D = 1 6  c m ,  Area = 5 x 10 c m  

b. Mirror f o c a l  length (Equation 4-4-102) 

f = 10 x D = 160 c m  

c. Spec i f i c  d e t e c t i v i t y  (bolometer) D* 

1/2 8 cm(sec) 
wat t  

D* = 8 x 10 

d d. Detector a rea  A 

-2 2 2 = (2.5 x 10 ) c m  
Ad 

e. Or i f i ce  diameter d r (Equation 4.4-39) 

d = 2 x loe4 x f = 3.2 x 10 c m  -2 
r 
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-1 f .  Overall  e f f i c i ency  fl = 10 

g. Spectrometer r e so lu t ion  Av = 20 em 

0 

-1 
i 

h, Scan time T = 1 sec. m 

4 -4.5 ULTRAVIOLET SPECTROSCOPY 

4.4.5.1 Introduct ion 

The main purpose of the u l t r a v i o l e t  experiment on Mars is t o  
i d e n t i f y  and charac te r ize  cons t i t uen t s  no t  possessing l i n e s  i n  
the  in f r a red  region (e.g., 02 ,  N2, A and N e )  . Absorption of 
u l t r a v i o l e t  s o l a r  r ad ia t ion  by the t e r r e s t r i a l  atmosphere has 
been observed with rockets and s a t e l l i t e s  (Ref. 68,69,70,71). 
However, i n  many of these measurements the a t tenuat ion  of a 
"known" Earth atmosphere i s  s tudied i n  order  t o  deduce an unknown 
s o l a r  rad ia t ion .  I n  the present  proposed experiment, on the 
contrary,  the c h a r a c t e r i s t i c s  of an unknown Martian atmosphere 
a r e  deduced from the absorption of the s o l a r  system, w h i c h  i s  
measured j u s t  before the occul ta t ion  process. 

A d i f f i c u l t y  of the method a r i s e s  from the f a c t  t h a t  the  
Sun's r ad ia t ion  a t  wavelengths s h o r t e r  than 1500 no longer has 
the c h a r a c t e r i s t i c s  of a black body (as it  does i n  the in f r a red  
and v i s i b l e  r eg ion ) ,  bu t  r a t h e r  involves a spectrum of sharp 
l i nes .  For t h i s  reason, the envisaged apparatus cons i s t s  of an 
a r r ay  of monochromators (having about 2 A band) t o  receive se lec-  
ted spots  of the s o l a r  spectrum. 

Another d i f f i c u l t y  der ives  from the incomplete knowledge of 
the  u l t r a v i o l e t  absorption spectrum of most gases. While new ex- 
perimental data  a r e  continuously being acquired, no band of the 
u l t r a v i o l e t  atmospheric absorption range can be predicted w i t h  
s a t i s f a c t o r y  accuracy. 

F ina l ly ,  u l t r a v i o l e t  absorption takes place i n  regions where 
the  atmospheric cons t i t uen t s  a re  not  mixed uniformally, bu t ,  on 
the  contrary,  a r e  separated by photochemistry arid g r a v i t a t i o n a l  
d i f f u s i v e  equilibrium. Hence, he ight  p r o f i l e s  a re ,  i n  general ,  
d i f f i c u l t  ' to deduce. 
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4.4.5.2 U l t r a v i o l e t  Absorption Spectra 

Observations of the t e r r e s t r i a l  atmosphere during occulta- 
t i o n s  of the OS0 111 satel l i te  have shown t h a t  s o l a r  r ad ia t ion  
a t  304 a undergoes ex t inc t ion  fo r  t angen t i a l  a l t i t u d e s  of about 
150 km ( R e f .  8 ) . A t  t h i s  a l t i t u d e ,  the average number dens i ty  
i n  the  Ear th ' s  atmosphere is  of the  order  of 1O1O cm-3. I n  view 
of the  f a c t  t h a t  i n  t h i s  region of wavelength a l l  gases d isp lay  
a continuum of absorption with comparable cross-sect ions,  w e  may 
expect t h a t  ex t inc t ion  w i l l  occur i n  the Martian atmosphere f o r  
a t angen t i a l  a l t i t u d e  having a s imi l a r  number dens i ty ,  i .e, ,  
about 90 km. 

The absolute  i n t e n s i t y  of the Sun's r ad ia t ion  f o r  the region 
of u l t r a v i o l e t  of i n t e r e s t  i s  presented i n  Table 4-7 (Ref. 72 ) . 
The l i s t e d  i n t e n s i t i e s  of the various l i n e s  a re  r e l a t i v e  t o  the 
r ad ia t ion  of the whole s o l a r  d i sk ,  and represent  t i m e  averaged 
values. Their time v a r i a t i o n s ,  however, a r e  small and may gen- 
e r a l l y  be considered constant within .5 db assuming a time in- 
t e r v a l  of severa l  minutes. 

An i l l u s t r a t i o n  of the u l t r a v i o l e t  absorption cross-sections 
of the most probable cons t i t uen t s  i n  the upper atmosphere of 
Mars i s  presented i n  Figures 4-41 through 4-46 (Ref. 73 , 75 ) . 
A s  it has been already pointed out ,  the  d e t a i l s  of these cross-  
sec t ions  a re  continuously revised by new experimental da ta .  How- 
ever,  inspection of the f igu res  j u s t i f i e s  the  choice of the  band 
1300-800 5 for the explorat ion of the Martian atmosphere, s ince  
t h i s  band is  conveniently located between the absorption cont i -  
nuum of the  considered gases and the in tense  black body r ad ia t ion  
of the Sun i n  the near u l t r a v i o l e t .  

A t  the  lower Martian a l t i t u d e s  (below 90 km), it is  expected 
t h a t  CO2 w i l l  cause the main absorption, Its spectrum, however, 
shows seve ra l  "windows" i n  the 1300-800 a band. 
g e n t i a l  he ight  of 110 km, CO may become a p reva i l i ng  cons t i t uen t ,  
together  with oxygen (see Sect ion 4.4.1). I n  a l l  cases ,  s ince  
H20  and 03 a r e  most probably confined near the p l a n e t ' s  surface, 
oxygen and ni t rogen,  i f  e x i s t i n g ,  should become d is t inguishable  
i n  the  upp,er atmosphere of Mars, through t h e i r  c h a r a c t e r i s t i c  
absorption spec t ra .  

Above the  tan- 

Noble gases,  l i k e  Argon and Neon, w h i c h  might e x i s t  i n  the 
Martian atmosphere, o f f e r  no absorption l i n e s  i n  the 1500-800 a 
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TABLE 4-7 

I N T E N S I T I E S  I N  SOLAR XW-SPECTRUM A T  A DISTANCE OF 1 A.U. 
(July,  1963) 

Wavelength or Range in 8, Identification 

1775-1 325 2700 32 

1325-1275 11.8 0.18 
1275-1 220 26 0.41 

. ___ _ _  -. . - __ - __ - -. . - 

1215.7 H Ly-a 270 4.4 
1206.5 Si 111 4.3 0.071 

1220-1 200 excl. H Ly-a, Si 111 7.4 0.121 
1200-1180 5.5 0.092 

1 175.7 C I11 2.5 0.042 
1 1 80-1 1 30 excluding CIII 5.8 0.100 
1130-1090 4.4 0.079 

1085.7 N 11 0.48 0.009 
1090-1040 excluding NII 4.2 0.078 

1037.6 0 VI 1.33 0.025 
1031.9 0 VI 1.89 0.036 

1040- 1027 excluding OVI 0.69 0.01 3 

1325-1027 total 350 5.7 
~. 

1025.7 H LY-8 2.3 0.045 
991.5 N 111 0.33 0.007 

1027- 990 excl. H Ly-8, NIII 2.4 0.049 
977.0 CIII 4.0 0.081 
912.5 H Ly-y 0.55 0.01 1 

990- 950 excl. CIII, H Ly-y 0.97 0.021 
949.7 H Ly-6 0.25 0.005 
937.8 H Ly-E 0.17 0.004 

950- 920 excl. H Ly-6, E 1.07 0.022 
920- 911 1.25 0.028 

1027- 911 total 13.4 0.027 

91 1-890 H Ly-continuum 4.0 0.089 
890-860 H Ly-continuum 4.2 0.096 
860-840 H Ly-continuum 2.0 0.047 
832-835 011, 111 0.54 0.013 
840-810 excluding 0 11, 111 2.0 0.048 
810-796 0.7 0.017 

91 1-796 total 13.4 0.3 1 
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Figure 4-41 Absorption Coeff ic ien ts  i n  GO 
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Figure 4-42 Absorption Coef f i c i en t s  i n  CO 
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Figure 4-43 Absorption Coeff ic ients  i n  Nitrogen 
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Figure 4-44 Phot ionizat ion Cross-Section of Atomic Oxygen 
as a Function of the Wavelength of the Incident  Radiation 
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gure 4-45 A Survey of Absorption Coefficients in Oxygen. 
Note the strong resonance bands superimposed over 

regions of continuous absorption, 
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Figure 4-46 Photoionization Cross-Sections in Helium, 
Neon and Argon 
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band (see Figure 4-46). For t h i s  reason a spec ia l  de tec t ion  
channel i s  provided, able  t o  monitor the He 11, Ly CY (303.8 8) 
l i n e  of the  Sun, y i e ld ing  2.5 x lo9 photon/cm2 -sec a t  1 a.u. 
Inspection of the Figures 4-41 through 4-46 shows t h a t  a l l  con- 
s t i t u e n t s  present  comparable cross-sections a t  t h i s  frequency. 
Thus, deduction of the exis tence and percentage of noble gases 
may be obtained only a f t e r  having acquired da ta  of t he  o the r  
components by use of the lower frequency band. 

4.4.5.3 Absorption C r i t e r i a  Over an Inhomoqeneous Path 

i t h  
The mean transmission over a s p e c t r a l  i n t e r v a l ,  Av, fo r  the  
cons t i t uen t  may be expressed by 

(4.4-122) 

where 

t h  0 = the  molecular cross-section of the  i cons t i tuent  corre- 
sponding t o  the  j t h  s p e c t r a l  l i n e  i n  the i n t e r v a l  AV (may 
be assumed pressure and temperature independent) 

i j  

Ni = molecular number dens i ty  of the ith cons t i t uen t  

L = the t o t a l  absorptive path length.  

For the  case of many cons t i t uen t s ,  the  t o t a l  transmission i n  
the  s p e c t r a l  i n t e r v a l  AV i s  given by t h e i r  product, namely, 

= Tr ' i  T 
A V  

i 

(4 . 4-123) 

I n  the proposed experiment, a number of u l t r a v i o l e t  channels 
e x i s t  (e.g., 11) and each channel monitors d i f f e r e n t  groups of 
absorbing l i nes .  
of expected cons t i t uen t s ,  redundant information w i l l  be obtained 
and applied t o  the subsequent synthesis  problem. 
channel, the received i n t e n s i t y  I 0 ( A v )  i s  recorded aboard the 
s a t e l l i t e  a t  a time j u s t  before immersion of the ray path through 
the  atmosphere of Mars. During the pene t ra t ion  process,  the 

Since there  a re  more channels ' than the number 

For each 
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output of each channel, TAv, i s  simultaneously recorded every 
1/2 second. The observed da ta  w i l l  be synthesized making use  of 
model matching techniques and the cons t i t uen t s ,  t h e i r  d e n s i t i e s ,  
and t h e i r  respec t ive  p r o f i l e s  w i l l  be determined. 

4.4.5.4 Comments on Heiqht Resolution i n  the W Ranqe 

Although the proposed receiving aperture  (col l imator)  ob- 
serves the t o t a l  s o l a r  d i sk ,  the  corresponding he ight  reso lu t ion  
is  s i g n i f i c a n t l y  more accurate  than one might expect using simple 
ray ana lys i s .  T h i s  i s  due t o  the f a c t  t h a t  the bundle of rays 
emerging from the upper l i m b  of the  Sun is  absorbed l e s s  than 
those coming from the lower l i m b  (s ince these rays pass through 
more dense atmospheric l a y e r s ) .  The received e f f e c t s  of the 
upper and lower limbs cancel r e s u l t i n g  i n  an apparent received 
i n t e n s i t y  t h a t  e s s e n t i a l l y  o r i g i n a t e s  from the c e n t r a l  region 
of the s o l a r  disk.  T h i s  assumption may be shown v a l i d  fo r  an 
isothermal atmosphere when the  a l t i t u d e  is  s i g n i f i c a n t l y  l a rge r  
than the sca l e  he ight  and the absorption i s  due t o  a s ing le  con- 
s t i t u e n t ,  The s i t u a t i o n  may change s l i g h t l y  when more than one 
cons t i t uen t  i s  present ,  and the band considered involves many 
l i n e s ,  However, a t tenuat ion  versus a l t i t u d e  p l o t s  obtained by 
OS0 I11 have of fered  f o r  the Ear th ' s  atmosphere an a l t i t u d e  
accuracy of +5 km, f o r  a l t i t u d e s  around 200 k m  (Ref, 8 ) .  

4.4.5.5 Desiqn C r i t e r i a  fo r  the U l t r a v i o l e t  System 

4.4.5.5.1 Introduct ion 

O f  the  poss ib le  W systems t h a t  have been flown on s a t e l l i t e s  
o r  rockets (e,g., the Ebert  spectrometer, col l imat ing g ra t ing  
monochromators, concave g ra t ing  spectrometers) ,  the concave 
g ra t ing  spectrometer i s  here proposed because the OS0 111 s a t e l -  
l i t e  experiment has demonstrated the  advantages of monitoring the 
u l t r a v i o l e t  absorption i n  fixed bands during occul ta t ion  
(Ref, 8 ) . 

The use of a concave g ra t ing  w i t h  a "grazir.g incidence" 
mounting has been flown aboard rockets (Ref. 70) and is suggested 
here  f o r  examining the spectrum i n  the band 300-1300 8. 
of grazing incidence fo r  these s h o r t  wavelengths w i t h  reduced 
reso lu t ion  can provide s u f f i c i e n t  s igna l  so t h a t  a number of 
s p e c t r a l  i n t e r v a l s  within the band can be monitored continuously 
a s  the sa te l l i t e -Sun l i n e  of s i g h t  passes through the Martian 
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atmosphere. 
physical  parameters of the spectrometer with the  spectrographic 
c h a r a c t e r i s t i c s  of the instrument. 

In  the  following sec t ions ,  we  s h a l l  r e l a t e  the 

4.4.5.5.2 Instrument Design 

In  Figure 4-47 the suggested W spectrometer i s  presented. 
A concave g r a t i n g  of rad ius  Rg = 2 meters i s  considered and a 
s t r i n g  of de t ec to r s ,  each with i t s  own e x i t  s l i t ,  a r e  placed 
along the indicated Rowland c i r c l e .  N o  moving sl i ts  a re  en- 
visaged and the  r e s u l t i n g  s p e c t r a l  observation w i l l  be made over 
narrow wavelength i n t e r v a l s  (e.g., Ah  = 2 8) dispersed over the 
band 300-1300 8. The number of s p e c t r a l  i n t e r v a l s  t h a t  can be 
observed i s  determined by the number of de t ec to r s  t h a t  can be 
located along the Rowland c i r c l e .  This, i n  tu rn ,  is  a function 
of the d ispers ing  power of the gra t ing .  

From the g ra t ing  formula we obta in  t h a t  

m h  s i n  P = s i n  a, - - 
P 

(4.4-124) 

where 

m = order of in te r fe rence  

p = dis tance  between ru l ings  

CY = angle of incidence (Figure 4-47) 

P = angle of d i f f r a c t i o n  (Figure 4-47) 

3 
= 1.3 x 10 8,  we have the minimum P and fo r  A m i n  = 

8 x For l o 2  Px we have the maximum P denoted i n  Figure 4-47. We 
d e s i r e  t o  allow A@ = (Plnax - Pmin)  t o  be la rge  so t h a t  many de- 
t e c t o r s  can be placed i n  t h i s  i n t e rva l .  A p l o t  of @ as  a 
funct ion of Pmax is  shown i n  Figure 4-48 fo r  the case a, = 86O. 

I n  order  t o  keep the spectrometer pac t  ( i . e . ,  l a t e r a l  width 
small)  Pmax should be l imited t o  angles near 60°. 
Pmax = 650, Pmin  59O, the l a t e r a l  width i s  

Assuming 

W = R s i n  (a, - P ) = 50 cm (4.4-125) 
r m i n  
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and the  length L of  the  spectrometer i s  

L = 2Rr s i n  (cu + Pmin) Z= 2 m e t e r s  (4,40126) 

The angular width corresponding t o  a wavelength i n t e r v a l ,  dh, i s  
given by 

(4.4-127 ) 

The width of the e x i t  s l i t  f o r  each de tec to r  i s  W where S' 

w s = s d P  (4.4-128) 

w h e r e  S is  the  chord length depicted i n  Figure 4-47. Hence, 

S"= 2Rr COS P 

w h e r e  

2 R 
- - -S = 10 c m  

Rr 2 

where R = radius  of curvature  of grat ing.  
4 

Subs t i t u t ing  the above i n t o  Equation 4-4-128, 

Ws = 2 R  dh 
r P  

(4-4-129) 

(4.4-13 0)  

(4.4-13 1) 

and the  e x i t  s l i t  width normal t o  S is  independent of p .  

The value of m/p can be computed from Equation 4.4-124, 
= 65O i n t o  Equation 4.4-124, Subs t i t u t ing  p max 

4 ( s i n  CY - s i n  Pmax) 
- = 1.14 x 10 m - -  (4.4-132) 

P 'min 
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Subs t i t u t ing  Equation 4.4-132 i n t o  4-4-131 gives 

(4. 4-133 ) 
6 = 2.28 x 10 dh (dh i n  c m )  

wS 

The number of de tec tors  t h a t  can be placed along the in t e rva l  is  
determined by the width of  the  de tec tors ,  
w i l l  then determine the spacing, Ah, of the  resoJution widths dh 
i n  the band, where 

. This width, wd, wd 

- E  wd - ” - m 
2Rr 

For the  assumed values of p/m and R we  have r’ 

Ah = 44 Wd R 

(4 . 4-134) 

(4.4-135) 

where W i s  the  de t ec to r  width i n  c m ,  d 

4 . 4 . 5.5.3 Detector Considerations 

The de tec tor  under consideration is  a windowless magnetic 
photomultiplier developed by Wiley and Goodrich of the  Bendix 
Corporation and adopted t o  W spectroscopy by Hinteregger e t  a l ,  
(Ref. 74 ) . Because of the  low s e n s i t i v i t y  t o  long wavelength 
rad ia t ion ,  it is  not  necessary t o  be concerned with s t r a y  l i g h t  
i n  the near u l t r a v i o l e t ,  The mul t ip l i e r s  have quantum y ie lds  as 
high a s  10-1 a t  1 = 800 8 and a t  least  low2 a t  h = 1200 8. 
background count r a t e  of less than 1 f a l s e  eount/sec can be 
achieved (Ref. 74 ) . 
c m  a re  present ly  ava i lab le ,  

A 

Mult ipl iers  with width wd of the order  of 1 
Thus i f  Wd = 1 c m ,  

Ah = 44 (4.4-136) 

Hence, i n  the spec t r a l  band 1300-800 a a t  l e a s t  10 channels can 
be monitored, 

The 303.8 2 l i ne  may be located ( fo r  the assumed m/p = 
1.14 x l o4 )  a t  a d i f f r a c t i o n  angle p = 74O along the Rowland 
circle. 
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It may be noted t h a t  using t h e  da t a  of Hal l  e t  a l .  ( R e f .  70) ,  
a signal-to-noise r a t i o  of 102 may be deduced a t  t h e  de t ec to r  
output  for an inc iden t  photon r a t e  i n  t h e  Martian atmosphere of 
108/sec-cm2 (Ref. 72 )  , 

4.4.6 PHYSICAL PARAIVETERS OF THE I R  AND W INSTRUMENTATION 

4.4.6.1 I R  Equipment 

The phys ica l  parameters of the I R  interferometer  system are:  

Vo lume 15 c m  x 15 c m  x 45 c m  

Col lec t ing  

Power 15 W 

Weight 9 kg 

2 Mirror Area 500 c m  

4.4 (. 6.2 UV Equipment 

The  phys ica l  parameters of t h e  W spectrometer system are:  

Volume 
Weight 
Power 

50 c m  x 2 0  c m  x 10 c m  
4.5 kg 
15 W 

4.4.6.3 In t e r f ace  and Pointinq Requirements 

For the I R  experiment, the hole should be point ing a t  the 
center  of t h e  Sun wi th  a po in t ing  accuracy of k l m i n u t e .  
w i l l  l oca t e  the hole  over a region wi th in  f i v e  s o l a r  degrees from 
the center  p a r t  of the Sun, 

This 

I n  t h e  UV experiment, the s l i t  should pass  through t h e  c e n t r a l  
p a r t  of t h e  Sun w i t h  an accuracy of -t . l  minute. 

4.4.6.4 T e l e m e t r y  Requirements 

The r a t e  of s torage  for both the I R  and UV systems a r e  respec- 
t i v e l y  2 x LO4 and 5 x lo3 bits/sec. The equipment should begin 
t o  s t o r e  when t h e  minimum a l t i t u d e  of the ray  pa th  i s  300 km f r o m  
Mars and should t u r n  of f  a f t e r  occu l t a t ion  when t h e  minimum ray  
pa th  a l t i t u d e  reaches t h a t  same dis tance.  
capac i ty  of '3.5 megabits per occu l t a t ion  i s  the re fo re  required,  
inc lus ive  of both t h e  I R  and UV experiments. 

A maximum t o t a l  s torage  
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4.5 BANDPASS RADIOMETRIC EXPERIMENTS 

4.5.1 OUTLINE 

The purpose of t h i s  experiment is twofold: 

a. To measure t h e  temperature of t h e  Martian sur face  by 
a measurement of the spectral radiance of upwelling r a d i a t i o n  
with 8 t o  1214 window of t h e  assumed Martian atmosphere. 

b. To measure t h e  v e r t i c a l  temperature p r o f i l e  by s i m i -  
l a r  radiance measurements on t h e  long wavelength s i d e  of t h e  1514 
co emission band. 

2 

4.5.1.1 Surface Radiometry 

4.5.1.1.1 General 

Temperature-sensitive remote sensors  genera l ly  opera te  a t  
e i t h e r  microwave o r  i n f r a r e d  wavelengths, and considerat ion t o  
both regions of t h e  electromagnetic spectrum has been given f o r  
poss ib le  use  on the  Martian mission. However, weight, power, 
s p a t i a l  r e so lu t ion ,  and o r b i t a l  c o n s t r a i n t s  make a microwave ex- 
periment i n f e a s i b l e  a t  t h i s  t i m e  and a t t e n t i o n  has been directed 
toward def in ing  an in f r a red  experiment t o  provide information on 
t h e  sur face  temperature of M a r s .  

It is use fu l  t o  review i n  more de t a i l  the reasons behind t h i s  
choice. 
t h e  product af t h e  sur face  emiss iv i ty  and t h e  sur face  temperature; 
t he re fo re  a s i n g l e  observation w i l l  n o t  determine e i t h e r  quant i ty .  
However, as shown i n  Figure 4-49 , t h e  emiss iv i ty  i s  dependent on 
t h e  p o l a r i z a t i o n  of t h e  emitted r a d i a t i o n  and t h e  angle of i nc i -  
dence, thus measurements made a t  d i f f e r e n t  po la r i za t ions  o r  angles 
of incidence enable t h e  separa t ion  of emiss iv i ty  and sur face  t e m -  
pera ture .  For example, a measurement made a t  normal incidence 
(incidence angle  zero degrees) w i l l  g ive,  a f te r  cor rec t ing  f o r  
antenna p a t t e r n  e f f e c t s ,  

The microwave emission from a s o l i d  sur face  i s  given by 

where Ts is  ' the su r face  temperature, en is  t h e  emiss iv i ty  for nor- 
m a l  incidence,  and m i s  t h e  microwave br ightness  temperature. 
A second measurement, made a t  some incidence angle i, w i l l  g ive  

(i) = e ( i )  Ts 
Tb 
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where e ( i )  i s  t h e  emiss iv i ty  for incidence angle i and for t h e  
p a r t i c u l a r  p o l a r i z a t i o n  used f o r  t h e  measurement. The ra t io  of 
m(O)/m(i) i s  independent of t h e  sur face  temperature and w i l l  
se rve  t o  determine t h e  real  p a r t  of t h e  d i e l e c t r i c  cons tan t  of 
t h e  sur face  material, With t h e  d i e l e c t r i c  constant  determined 
i n  t h i s  manner, t he  normal-incidence emiss iv i ty  can be computed 
and t h e  su r face  temperature determined from T ( 0 ) .  

b 

The method out l ined  above assumes t h a t  t h e  Martian sur face  
can be regarded as a smooth, d i e l e c t r i c  sphere. This assumption 
w i l l  undoubtedly introduce errors i n t o  the  r e s u l t s ,  b u t  ground- 
based radar observations of Mars ind ica t e  t h a t  t h e  p l a n e t  may be 
genera l ly  regarded as smooth for wavelengths of 10 crn and longer. 
The e f f e c t s  of sur face  roughness can only be estimated by assum- 
ing a s t a t i s t i ca l  model of roughness. 

Note from Figure 4-49 t h a t  f o r  po la r i za t ion  p a r a l l e l  t o  t h e  
plane of incidence,  an angle of incidence can be found f o r  which 
t h e  emiss iv i ty  i s  uni ty .  T h i s  i s  t h e  well-known B r e w s t e r  Angle. 
I f  observations could be made a t  t h i s  angle, one measurement would 
se rve  t o  determine t h e  sur face  temperature, However, t he  B r e w s t e r  
Angle cannot be specified i n  advance because it is  a function of 
t h e  dielectr ic  constant.  This is  also shown i n  Figure 4-49 where 
curves a r e  presented for both dry  and w e t  s o i l .  

Although t h e  microwave observations discussed above would be 
of value f o r  a spacecraf t  o r b i t i n g  a p l a n e t  a t  a f ixed  d i s t ance  
from t h e  center  of t h e  p l ane t ,  t h e  experiment becomes q u i t e  un- 
a t t r a c t i v e  f o r  the  case where t h e  planet-vehicle d is tance  changes 
by an order  of magnitude, or more, during one o r b i t ,  T h i s  arises 
because of t h e  necess i ty  t o  know, and maintain,  a given angle of 
incidence on t h e  p lane tary  surface.  T h i s  can be seen by r e f e r r i n g  
t o  the  geometry of Figure 4-50 . 
i s  r e l a t e d  t o  the  p lane tary  rad ius  ro and the planet-vehicle d i s -  
tance  r by the  equation 

The antenna poin t ing  angle fd 

s i n  i = (r/r ) s i n  
0 

where i is t h e  angle of incidence. I f  r is  a funct ion of t i m e ,  
and is t o  be kept  cons tan t ,  then f i  must be programmed t o  change 
as t h e  vehic le  o r b i t s  t h e  p lane t .  Furthermore, a s  (r/ro) becomes 
large, t h e  f i n i t e  antenna r e so lu t ion  of t he  microwave antenna w i l l  
r e s u l t  i n  a large "smearing" of inc ident  angles ,  and a r e s u l t a n t  
l o s s  of accuracy i n  t h e  observations.  I t  can be e a s i l y  shown 
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t h a t  i f  8B i s  t h e  antenna beamwidth, then t h e  range of inc ident  
angles included i n  t h e  antenna beam is given by 

A i  = (r/ro) (cos a’ / cos i) 8 . B 

When r / ro  is  l a r g e ,  t h i s  smearing can be so l a r g e  as  t o  destroy 
t h e  usefulness  of t h e  experiment. I f  one envisions an operat ing 
wavelength of 10 cm and an antenna diameter of 2 m ,  then a beam- 
width of approximately 4 degrees r e s u l t s .  However, when r == 7 ro, 
which represents  t h e  extreme of t h e  Voyager o r b i t ,  then one beam- 
width w i l l  i n t e g r a t e ,  o r  include,  a range of inc ident  angles of 
approximately 50 degrees. Clear ly  it i s  impossible t o  speak of 
a unique angle of incidence and t h e  experiment becomes meaningless. 
I t  i s  f o r  t h i s  reason t h a t  t h e  microwave experiment has no t  been 
considered i n  f u r t h e r  de ta i l  as a poss ib le  Voyager experiment. 
These considerat ions would apply i n  general  for the  experimental 
set-up out l ined  here  as long as highly e l l i p t i c a l  o r b i t s  a r e  pro- 
posed. 
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A l s o  f o r  t h e  i n f r a r e d  r a d i a t i o n  t h e  emission from a thermal 
source depends on t h e  emiss iv i ty  of t h e  su r face  and t h e  tempera- 
t u r e  of t h e  e m i t t e r .  A s  t h i s  experiment w i l l  measure only t h e  
t o t a l  emitted r ad ia t ion ,  absolu te  temperatures w i l l  n o t  be ob- 
ta ined.  Surface temperatures may be estimated by making reason- 
able assumptions about t h e  sur face  emissivi ty .  Because of t h e  
n o n l i n e a r i t i e s  of t h e  Planck r a d i a t i o n  l a w ,  sur face  e m i s s i v i t i e s  
estimated t o  an accuracy of f i v e  percent  w i l l  enable a tempera- 
t u r e  determination accura te  t o  one o r  t w o  percent.  

Ground-based in f r a red  observations of Mars and t h e  r e s u l t s  
of t he  Mariner 4 Experiments i nd ica t e  t h a t  t h e  Martian atmosphere 
should be highly t ransparent  t o  in f r a red  wavelengths as long a s  
t h e  v ibra t ion- ro ta t ion  bands of CO2 a r e  avoided, Therefore, t h e  
sensor w i l l  respond t o  sur face  emission, except when t h e  sensor 
views Martian clouds. 

4.5.1.1.2 Experiment Def in i t ion  

The experiment has been defined on t h e  assumptions t h a t  t h e  
spacecraf t -planet  d i s tance  v a r i e s  from 1000 t o  20,000 km, t h e  
ve loc i ty  of t h e  subvoyager poin t  on t h e  sur face  i s  4 km/sec a t  
t h e  d is tance  of c l o s e s t  approach, and t h a t  a t e l e v i s i o n  camera 
w i l l  be t r a i n e d  on t h e  p lane t  throughout t h e  use fu l  l i f e  of t h e  
in f r a red  radiometer experiment. 

The experiment c o n s i s t s  of an in f r a red  radiometer operat ing 
i n  t h e  wavelength band 8 t o  10.5 microns, bore-sighted along t h e  
a x i s  of t he  t e l e v i s i o n  camera, weighing approximately 0,5 pounds, 
and consuming 2.5 w a t t s .  S p a t i a l  r e so lu t ion  on the  sur face  of 
t h e  p l ane t  w i l l  be approximately 2 x 3 km a t  t h e  d is tance  of 
closest approach, assuming an in t eg ra t ion  t i m e  of 0,6 seconds. 
Temperature s e n s i t i v i t y  should be approximately 2 OK. Telemetry 
requirements are one 8-bit word every 0.6 seconds. Provisions 
must be made for c a l i b r a t i o n  of t he  radiometer. T h i s  can be ac- 
complished conveniently by (1) viewing a s m a l l  ob j ec t  of known 
temperature and emiss iv i ty ,  and ( 2 )  viewing cold space. Both 
can be done by u t i l i z i n g  a small ,  movable m i r r o r  t h a t  per iodi -  
c a l l y  directs t h e  beam t o  view t h e  two c a l i b r a t o r s .  

The experiment should operate  continuously. In  t h e  event 
t h a t  the  spacecraf t  t e l e v i s i o n  i s  no t  operated continuously, then 
considerat ion should be given t o  decoupling t h e  two instruments 
and having t h e  in f r a red  radiometer view the  subvoyager po in t  a t  
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a l l  times. However, t h e  c o r r e l a t i o n  between t h e  output  of t h e  
t e l e v i s i o n  camera and t h e  in f r a red  radiometer w i l l  provide valua- 
ble  information on t h e  thermal p rope r t i e s  of t h e  surface.  Also, 
t h e  TV camera w i l l  se rve  t o  def ine  cloud condi t ions i n  the  f i e l d  
of view of t h e  i n f r a r e d  radiometer. Corre la t ion  of t h e  tempera- 
t u r e s  of t h e  clouds wi th  a temperature p r o f i l e ,  independently 
determined, w i l l  provide an es t imate  of t h e  he ight  of t he  clouds. 

4.5.1.2 Atmospheric Radiometry 

A spectroscopic  technique f o r  t h e  remote sensing of atmospheric 
temperature and i t s  va r i a t ions  with a l t i t u d e  has been suggested by 
Kaplan, (Ref. 76 ) developed i n  a s impl i f ied  form by Wark ( R e f .  77) 
and has been used i n  experiments on t h e  e a r t h ' s  atmosphere. 

The basis of t h e  technique is  t h a t ,  when examined from above 
a p lane tary  atmosphere, t h e  upwelling r ad ia t ion  i n  an o p t i c a l l y  
dense s p e c t r a l  region o r i g i n a t e s  a t  an a l t i t u d e  determined by i t s  
s p e c t r a l  pos i t i on ,  The g r e a t e r  t h e  optical  dens i ty  a t  t h e  spec- 
t r a l  po in t ,  t h e  more l i k e l y  t h a t  t h e  corresponding r a d i a t i o n  o r i -  
g ina t e s  high i n  t h e  atmosphere, Given a model of t he  atmosphere, 
a weighting funct ion can be derived f o r  each of a se t  of s p e c t r a l  
regions i n  a molecular emission-absorption band t o  ind ica t e  t h e  
r e l a t i v e  cont r ibu t ion  t o  t h e  t o t a l  f l ux ,  of r ad ia t ion  coming from 
po in t s  a t  various a l t i t u d e s .  

By mathematical inversion,  t h e  atmospheric temperature p r o f i l e  
can be recovered t o  a degree depending on the  number and accuracy 
of t he  s p e c t r a l  soundings made. The ambiguity inherent  i n  t h i s  
inversion is  removed by foreknowledge of t h e  expected temperature 
p r o f i l e .  In  our case, it can be measured independently during 
occu l t a t ion  by use of absorption spectroscopy. Applying t h i s  
technique t o  the  emission i n  t h e  1 5 ~  band of C02 f o r  t he  Martian 
atmosphere, w e  would choose, by t h e  use of f ixed  in t e r f e rence  
f i l t e r s ,  s i x  t o  e i g h t  s p e c t r a l  channels on t h e  s h o r t  wavelength 
s i d e  of t he  band. A s u i t a b l e  choice would be a t  780,  770, 760, 
740, 730, 700 and 680 cm-1 each with a 5 e m - l  s p e c t r a l  bandpass. 
This p a r t  of t h e  band should be f r e e  of t he  in t e r f e rence  from 
o the r  atmospheric cons t i t uen t s  un less  NO2 is  presznt  i n  much 
g r e a t e r  concentrat ion than expected. 

An experiment of t h i s  na ture  has been proposed by Hanel and 

W e  be- 
Chaney (Ref. 78) using an in te r fe rometr ic  spectrometer of t h e  
type considered f o r  our own absorption s p e c t r a l  s tud ie s .  
l i e v e ,  however, t h a t  given t h e  presence of a downward looking 

4-133 



radiometer, it becomes a simple m a t t e r  t o  introduce add i t iona l  
f i l t e r s  and de tec to r s  t o  provide t h e  atmospheric temperature 
scanning c a p a b i l i t y  (Figure 4-51 ) ,  The same ob jec t ive  and 
chopping o p t i c s  would be used f o r  both types of radiometry t o  
give a c a p a b i l i t y  of obtaining simultaneously a high r e so lu t ion  
n e t  of t h e  temperature of t h e  p l a n e t ' s  sur face  and of t h e  atmos- 
phere d i r e c t l y  above it. Cal ibra t ion  of t h e  thermistor  detectors 
and o p t i c s  can be done i n  t h e  same way as  f o r  t h e  8 - 1 0 ~  radio- 
m e t e r .  The f i n a l  design would have t o  depend on the  weight and 
power ava i l ab le ,  b u t  i f  w e  assume t h a t  each channel has i t s  own 
de tec to r  and ampl i f ie r ,  t h e  add i t iona l  weight would be approx- 
imately 0.25 Kg and t h e  add i t iona l  power approximately 7.5 w a t t s .  

The pro jec ted  da ta  rate is s i x  t o  e i g h t  10-bit  w o r d s  every 
second when i n  use. 

The s i m p l i c i t y  of t h i s  technique i s  purchased a t  t h e  p r i c e  
of i n s e n s i t i v i t y  t o  small-scale va r i a t ions  of t he  temperature 
p r o f i l e  as w e l l  a s  a poss ib le  major e r r o r  i f  t he  p r i o r  model pro- 
f i l e  is  i n c o r r e c t  i n  form. The measurement of transmission dur- 
ing occu l t a t ion  w i l l  remove t h i s  p o s s i b i l i t y .  These measurements 
w i l l  allow the  d iu rna l  v a r i a t i o n  of t h e  atmospheric temperature 
p r o f i l e  t o  be measured and co r re l a t ed  with the  W and I R  leaking 
of t h e  atmosphere, 

4.5.2 EQUIPMENT DESCRIPTION - SUMMARY 

Total  Weight 0.5 Kg 

Size  1 5  e m  x 1 5  c m  x 30 c m  

Power Consumption 10  wat t s  

4.5.3 POINTING REQUIREMENT - SUMMARY 

Ei ther  directed t o  subvoyager p o i n t  a t  a l l  t i m e s  or boresighted 
wi th  t e l e v i s i o n  system. 

4.5.4 TELEMETRY REQUIREMENTS 

Data acqu i s i t i on  rate maximum of 9,  10 bit-words per  second, 
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4.5.5 COMMAND FUNCTIONS 

o On/off control of e n t i r e  instrument 

o Possible switch t o  TV alignment o r  t o  subsatel l i te  
p o i n t  

o Switching between calibrate pos i t i ons  and viewing 
pos i t i ons  

4.6 SUMMARY OF WEIGHT, VOLUME AND PRIMARY POWER REQUIREMENTS 
FOR OVERALL EXPERIMENT SYSTEM 

Table 4-8 summarizes t h e  weight, volume, and primary power 
requirements f o r  t h e  o v e r a l l  system, inc lus ive  of telemetry and 
command functions.  

I t  is  assumed t h a t  primary power i s  provided by t h e  spacecraf t  
and t h a t  t h e  same appl ies  t o  t h e  basic telemetry and t o  the  com- 
mand subsystems. 

TABLE 4-8 

SUMMARY OF WEIGHT, VOLUME, AND PRIMARY POWER 
REQUIREMENTS FOR THE OVERALL EXPERIMENT SYSTEM 

Power Weight Volume 
(w) (Kg) (m3 1 

Ref rac t iv i ty  Experiment (M&D) 55 1 7 . 8  0.22 
(67) * 

Radiometric Experiment 10 0.5 0.0675 

Spectrometric Experiment 32 13.50 0.025 

GRAND TOTAL 97 32 0.0633 

(109) 

*Power consumption of 5 5 W  i s  f o r  Daughter, 6 7 W  i s  f o r  Mother. 
Although each o r b i t e r  ( f o r  redundancy reasons) contains  both 
mother and daughter payloads, only one i s  energized when t h e  
system a t  each t e r m i n a l  operates .  
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5 .  DATA REDUCTION REQUIREMENTS 

5.1 REFRACTIVITY DATA PROCESSING 

5.1.1 COLLECTING EXPERIMENT DATA 

To simulate t h e  experiment, rays  w e r e  t r aced  using a three-  
dimensional double p rec i s ion  ray  t r a c i n g  computer program t h a t  
incorporated t h e  models of e l ec t ron  densi ty ,  pressure,  and 
temperature previously described, (subsect ion 4.3.3). Atmo- 
spher ic  and ionospheric e f f e c t s  w e r e  introduced t o  t h e  index of 
r e f r a c t i o n  i n  t h e  following manner. 

i s  t h e  ionospheric 
VI where 1~. i s  t h e  combined index of r e f r ac t ion ,  

index of r e f r ac t ion :  

N = I -  2 
IJ-I 12400 f 2  

and IJ- i s  t h e  atmospheric index of r e f r ac t ion :  
A 

P 
WA A T  

= l + C  - 
N i s  t h e  e l ec t ron  dens i ty  i n  e lectrons/cc 

f i s  t h e  frequency i n  MHz 

P i s  t h e  pressure i n  dynes/cm 2 

T i s  t h e  temperature i n  OK 
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C i s  t h e  atmospheric c o e f f i c i e n t  of r e f r a c t i v i t y  
i n  OK cm2/dyne A 

Mild Gradients 

Sharp Gradients 

For varying frequencies, longi tudes and gradien ts ,  tables 
are constructed t h a t  g ive  t h e  height  of t r ansmi t t e r ,  longitude of 
t r ansmi t t e r ,  height  of rece iver ,  longitude of receiver ,  and 
phase delay i n  cyc les  on transmission between two poin ts .  
are t h e  real  data we expect from t h e  experiment and t h e  basic 
inputs  needed f o r  our data reduction programs. 

These 

S t r a i g h t  path Appreciable 

' Abel transform along @Model matching 
a s i n g l e  v e r t i c a l  along a s i n g l e  
p r o f i l e  v e r t i c a l  p r o f i l e  

@ me1 transform along %ode1 matching 
many v e r t i c a l s  simul- alo,ig many ver- 
taneously t i c a l s  simul- 

bending 

taneously 

5.1.2 DATA REDUCTION 

The f i rs t  problem i n  data reduction i s  t o  e s t a b l i s h  tables 
of s a t e l l i t e  pos i t i on  versus phase delay. 

Once these  tables have been set up, they must be f u r t h e r  
broken down so t h a t  each 1 km x 300 km x 300 km c e l l  now has 
f i v e  numbers assoc ia ted  w i t h  it: t r ansmi t t e r  height  and angle, 
rece iver  height  and angle, and phase delay.  

These da t a  w i l l  be reduced i n  one of four  ways, depending 
on t h e  sharpness of t h e  grad ien ts  and t h e  degree of bending of 
t h e  rays.  This can be determined once t h e  experiment has been 
performed by t h e  values  of phase delay f o r  a given frequency 
and the  v a r i a t i o n  from ce l l  t o  ce l l .  Table 5-1 below t e l l s  which 
data reduct ion method w i l l  be used f o r  bending and gradien t  
condi t ions.  

TABLE 5-1 

DATA MDUCTION mTHODS 
i I I 1 

5-2 



Methods 1 and 2 both s tar t  from a table of t r a n s m i t t e r  and 
receiver pos i t i ons  versus  phase delay.  With t h e  Abel transform 
technique, it i s  assumed t h a t  t h e  t ransmission i s  along a 
s t r a i g h t  l i n e  and t h e  minimum height  reached is  t h a t  h i t  by t h e  
s t r a i g h t  l i n e  connecting t h e  t r a n s m i t t e r  and rece iver .  A 
r e f r a c t i v i t y  p r o f i l e  i s  uniquely determined i n  s t r a i g h t  l i n e  
segments. With t h e  model matching technique, a ray i s  traced 
through t h e  r e f r a c t i v i t y  p r o f i l e  t h a t  i s  being constructed by 
t r i a l  and e r r o r ,  an angle of t ake  o f f  and a r e f r a c t i v i t y  s lope are 
found t h a t  cause t h e  ray t o  reach t h e  r ece ive r  with t h e  c o r r e c t  
phase delay. I n  t h i s  case, t h e  values  are not uniquely determined 
bu t  a r e  a funct ion of b u i l t - i n  to le rances .  This method i s  m o r e  
c o s t l y  i n  computer t i m e  than t h e  A b e l  t ransform technique. 

Methods 3 and 4 generate  p r o f i l e s  along many v e r t i c a l s  
simultaneously, f i l l i n g  a l l  p r o f i l e s  down t o  a given height  before  
t h e  next height  i s  attempted. In  t h i s  way hor i zon ta l  g rad ien ts  
can be accounted f o r .  

Resul ts  with methods 1 and 2 have shown t h a t  f o r  t h e  2000 MHz 
case t h e  r e s u l t s  can be obtained t o  wi th in  an accuracy of 5 per- 
cen t  with a spacing of 1 km. I n  t h e  model matching case, r e s u l t s  
are  found t o  be wi th in  5 percent even when po in t s  are taken every 
5 km o r  g rea t e r .  Figure5-1 and 5-2 show r e s u l t s  f o r  f = 2000 MElz 
and f = 600 MHz. 

Resul ts  of method number 3 are reported i n  Figures5-3 and 
5-5 , and t h e  steepness of t h e  modeled ho r i zon ta l  g rad ien ts  are 
shown i n  Figures5-4 and5-6 respect ively.  Figure 5-4 i s  a model 
of g r e a t e r  s teepness  than any expected on M a r s ,  while Figure 5-6 
i s  t h e  maximum gradien t  t h a t  i s  r e a l i s t i c a l l y  expected; i .e.,  Nmax 
down from 90 percent  t o  10 percent i n  1 hour longitude span. 
For the  recovered p r o f i l e s  i n  Figure5-3 , t h e  average e r r o r s  
amount t o  43 percent  for t h e  Point A p r o f i l e ,  7 percent  f o r  t h e  
Point B p r o f i l e ,  and 15 percent f o r  t h e  Point C p r o f i l e ,  For t h e  
p r o f i l e s  i n  Figure 5-5 , the  average e r r o r s  amount t o  3 1  percent  
f o r  t he  Point A p r o f i l e ,  7 percent f o r  t h e  Point B p r o f i l e ,  and 
7 percent f o r  t h e  Point C p r o f i l e .  The 7 percent average e r r o r  
should be improved considerably when model matching i s  employed, 
s ince  ray  bending does account f o r  e r r o r s  of t h i s  magnitude. 
The 3 1  percent  error a l s o  can be improved upon by model matching, 
possibly t o  b r ing  t h e  e r r o r  below t h e  5 percent mark. 
number 4 a l s o  has  been computerized, although ca l cu la t ion  examples 
are not presented here.  

Method 
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Figure  5-2 R e c o v e r e d  R e f r a c t i v i t y  v s .  H e i g h t  
( f  = 600 MHz) 
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Once t h e  r e f r a c t i v i t y  p r o f i l e s  have been determined for  two 
frequencies,  they can be separated i n t o  d i spe r s ive  and non-dispersive 
e f f e c t s ,  giving the  atmospheric (PA) and t h e  ionospheric (PI) 
ind ices  of r e f r ac t ion .  
a direct measurement of t h e  e l e c t r o n  densi ty .  On t h e  o the r  hand, 
pA i s  of l imi ted  use unless  we know a t  least the  cons t i t uen t s  of 
t h e  atmosphere and t h e i r  percentages. 

I n  t h e  absence of magnetic f i e l d ,  bI gives 

5.1.2.1 A b e l  Transform Reduction Alonq A Sinqle  V e r t i c a l  

The  observable q u a n t i t i e s  are t r a n s m i t t e r  and rece iver  pos i t i ons  
versus d i f f e r e n t i a l  phase delay. These w i l l  be converted t o  tables 
of path o f f s e t  from t h e  sur face  of t h e  p lane t  versus d i f f e r e n t i a l  
phase delay i n  cycles,A+. 

Where f = frequency i n  MHz and s = path length i n  km 

This i n t e g r a l  i s  a funct ion of the  d is tance  of the  ray  from 
the  cen te r  of the p lane t  a t  t h e  poin t  of i t s  c l o s e s t  approach t o  
t h e  p l a n e t ' s  surface.  By changing var iab les ,  we can w r i t e :  

Where r , p ,  and s are defined by Figure 5-7 , and N (r)  i s  t h e  
r e f r a c t i v i t y  i n  N-units. 

Applying the  A b e l  Transformation. we ob ta in  

I f  we now normalize w i t h  respec t  t o  Ro = p lane t  radius ,  t h i s  becomes 
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Figure 5-7 Probing Link  Geometry 

If we consider A + ( p )  as straight lines between input data 
points then 

where r. < p < r 
1 - i t 1  A+ (PI  = a. i,1 P -I- ai, 2 

and 

and 

then, 
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< r < r  - m r m- 1 Where 

and 
5 3 x  10 c = -  

n f r 2 R o  

or 

This  i s  e a s i l y  in t eg ra t ed  t o  g ive  N ( r )  d i r e c t l y  as a funct ion 
of  A$i 

n-1 

1 [a i, 1 ( r  i t1 d r V - r i + p  i+ 1 
i=m 

’ ”m-1,2 d m t  m 

2 
t r 2 log, ( ri+l t d ~ r  7Jr2 )) + ai,2 (dr-  - ~ ~ ) ] }  

r . t  r - r  
1 i 

5-1.2.2 Model Matchinq Along A S inqle  V e r t i c a l  P r o f i l e  

This program recons t ruc t s  a p r o f i l e  of NI, t h e  r e f r a c t i v i t y  
i n  N-units, versus  h, t h e  he ight  above t h e  p l a n e t  sur face ,  given 
A$, t h e  phase delay i n  cycles ,  f o r  many posit ion;;  of t h e  two 
o r b i t i n g  sa te l l i t es  - one a t r a n s m i t t e r ,  t h e  o t h e r  a r ece ive r .  
W e  assume t h e  data p o i n t s  we have gathered are so spaced t h a t  
t h e  minimum p o i n t s  of t h e i r  l i n e  of s i g h t  are along a v e r t i c a l .  
It i s  along t h i s  v e r t i c a l  t h a t  we w i l l  determine t h e  index of 
r e f r a c t i o n .  W e  must a l s o  arrange t h e  coord ina tes  of t h e  input  
p o s i t i o n s  of t h e  satell i tes so t h a t  we m a y  work i n  a plane,  W e  
then  have an input  table. 
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Where A$ i s  t h e  phase delay i n  cycles ,  r T  i s  t h e  d i s t ance  t o  t h e  
t r ansmi t t i ng  sa te l l i t e  f r o m t h e  cen te r  of t h e  p lane t ,  $T i s  an 
angle of t h e  t r ansmi t t i ng  satel l i te  along the  great circle 
connecting t h e  t r ansmi t t e r  and receiver, r R  is  t h e  d i s t ance  t o  
t h e  receiving sa te l l i t e  from t h e  cen te r  of t h e  planet ,  and 9R 
i s  t h e  angle of t h e  rece iv ing  sa te l l i t e  along the  great circle 
connecting t h e  t r a n s m i t t e r  and rece iver ,  

we trace a ray  from t r a n s m i t t e r  t o  rece iver ,  assuming a t  
first t h i s  w i l l  be a s t r a i g h t  l i n e .  I f  Qo is  the angle f r o m  t h e  
r a d i a l  d i r e c t i o n  of t h e  t r ansmi t t e r  t o  t h e  l i n e  of s i g h t  between 
t h e  two satell i tes,  we compute as follows: 

0 

Where 
- 
TR = 

W e  s top  our in t eg ra t ion  a t  r = r R and here  ‘b = +F 

If ($F - 9,) rR 1, we are sat isf ied t h a t  the path i s  
s u f f i c i e n t l y  c lose  t o  t h e  path a c t u a l l y  t r ave led  and we go on 
check A + ,  I f  t h i s  condi t ion i s  not s a t i s f i e d ,  we must ad jus t  

t o  

and t r y  again,  
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Solvinq f o r  t h e  Correct Q :  

Suppose t h e  s i t u a t i o n  i s  given by Figure 5-8. W e  want t o  
rotate t h e  curve T 0' F about T so tha t  i f  we extended O ' F  it 
would pass  thrgugh R., C a l l  t h i s  anz le  of r o t a t i o n  P .  
we must f i n d  TO"R = TO'F and t h e  T R 0". 
t o  t h i s  po in t  i s  r T #  +T, r R ,  +R, rp, 
i s  obtained as follows: 

To f ind  6 ,  
TheLnformation we have 

and TR. T h e  angle  T 0' F +F, 

Because t h e  ray  can be bent  outward o r  inward, we  must consider 
t w o  cases. The d i f f e rence  i n  the  argument i s  s t r i c t l y  i n  t h e  s i 9  
of a f e w  t e r m s .  For t h e  dura t ion  of the  argument, whenever t w o  
sigRs appear , the  upper s ign  w i l l  refer t o  t h e  case w h e r e  (n - a) 

A 
FTO, and t h e  lower s ign  w i l l  be used when (T - 0) < FTO. 

A 

77 = *(a - ~y - FTO) 

F r o m t h i s  t r i a n g l e  we  can a l s o  f ind  TO' as follows 

- - - 
= TO" s i n  X 

s i n  (TO 'F)  
A TO' = T F  
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Figure 5-8 Geometry of the Mother/Daughter Ray 
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Then 

And 
CY is corrected as follows 

C Y = C Y T p .  
0 

This procedure i s  repeated i f  t h i s  CY does not  b r ing  t h e  po in t  
F s u f f i c i e n t l y  c lose  t o  R. I n  no case, however, i s  it repeated 
more than 6 times. 
t o  t h e  inputed A@. 

Computinq A+ : 

W e  then go on t o  tes t  our A@ fo r  c loseness  

, 

A s  t h e  r ay  i s  traced from t h e  poin t  T t o  t h e  poin t  F, t h e  
phase path length hp i s  computed. 

The phase delay i n  km = h - TF 
P 

h - TF 
o r  i n  cyc les  A+ = f 

C 0 .3  

Where f i s  t h e  frequency i n  MHz, 

W e  must now compare A@c with A+ from our  input table. L e t  
A+, be our cur ren t  value from t h e  input  table and A 9 i - l  be t h e  
previous value i n  t h e  input  table. Then we regard A+c as su f f i c -  
i e n t l y  c lose  t o  A+ i f  

< 0.01. I f  t h i s  condi t ion i s  s a t i s f i e d  we  - 

accept t h i s  por t ion  of t h e  r e f r a c t i v i t y  p r o f i l e  and go on t o  t h e  
next entry.  
i n  t h e  r e f r a c t i v i t y  model. i 

I f  t h e  condi t ion i s  not s a t i s f i e d  we must vary A 

Ref rac t iv i ty  Model: 

The r e f r a c t i v i t y  p r o f i l e  we are t r y i n g  t o  cons t ruc t  w i l l  have 
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t h e  following form 

N = A i ( h - h  i- 1 ) t A C. 
1 

where  11. 1 -  < h < h i- 1 

and N i s  t h e  r e f r a c t i v i t y  i n  N-units 
The index of re f rac t ion ,p ,  i s  given by 

1J- = 1 + N x 10 -6. 

h = height  of satell i tes 
i 

A = r e f r a c t i v i t y  a t  t h e  sa te l l i t e  pos i t i on  -.(lo1 fo r  
C 1 1000 km. 

A .  i s  var ied u n t i l  A$ f o r  a ray  passing between t h e  
1 t w o  sa te l l i tes  matches A+ given by t h e  experiment. The h i s  

taken as t h e  minimum poin t  i n  t h e  t ransmission l i nk ,  A 2 
= A 1 *  

C - hl) + A , and we look f o r  A using t h e  next set 2 
2 1 (h2 C 

o f  s a t e l l i t e  pos i t i ons  and t r y i n g  t o  match t h e  next value of A+. 

Finding A : 
i 

The f i r s t  A, A i ,  i s  a guess given by t h e  input .  W e  trace a 
ray  with A1 and if A+c does not m e e t  t h e  accuracy condi t ion,  we 
ad jus t  A 1  by t h e  following scheme. L e t  A i  = A 1  

If A+ C < A+ 1 9  A; = Q l . 1  
I 

I f  A+ 2 A+ 1 Y x 2  = 1 . 1 q  

W e  a l s o  save A A$c, and 1' 

1 C a l l  them hi, A+c, and a 

Now we  trace a ray with A1 = A5 adjust ing a s  necessary. I f  
AOc3 does not  match our accuracy condition, we  i n t e r p o l a t e  t o  
f i n  A i  and cr3 as follows 

!A$ - A + = ,  I 
I 

/A+ - A$ x; = xi t 
c 2  9 
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and 

1 
CY3 = a1 t IA+ - A+ I ("2 - CY1) 

c 2  c1 

and we trace another ray.  

W e  have found t h a t  a l i n e a r  i n t e r p o l a t i o n  i s  preferab le  t o  
higher  order  i n t e rpo la t ions  i n  most cases, s ince  higher  order  
i n t e rpo la t ions  lead t o  nonphysical answers. I n  t h e  t h i r d  and 
successive i t e r a t i o n s  we use t h e  following approach. S e t  up a 
table of values i n  ascending order  of A so we have a table t h a t  
looks l i k e  P 

x A+ CY 

x i  A+ i ffi 
5 A+ ; 

A+ 3 CY' 

W e  do a l i n e a r  i n t e rpo la t ion  with t h e  following poin ts .  
If I A+ - A + i  I < IA+-A+; I , we i n t e r p o l a t e  using A + '  1 and A+; 
Unless 

(1) A + 5  w a s  t h e  l as t  value computed. 
A+; and A + '  unless  (A+; - A + )  and (A$; - A + )  a r e  of opposi te  
s igns  i n  wkch  case we  would use A+ 

I n  t h i s  case we would use 

and 1 

o r  

( 2 )  (A+; - A+) and@$; - A + )  are t h e  s a m e  s ign i n  which case we 
use A+; and A+; 

I f  I A+ - A+; I > lA+ - A+; I , we i n t e r p o l a t e  using A$' 2 and A+; 

Unless :  

w a s  t h e  l a s t  value computed. In  t h i s  casewe would use 
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A$' and A$' un l e s s  (A$; - A$) and (A$; - A$) are of opposi te  
s ign  i n  which case we would u s e  A$' and A$; 1 2 

1 

o r  

( 2 )  (A$ '  - A$) and (A$' - A$) are t h e  s a m e  s ign  i n  which case we 
wouid use A$; and J$' 

2 .  

Tracinq a Ray :  

To trace a ray, we a r e  given rT ,  $T, and Q and we use Haselgrove's 
equations i n  two dimensions t o  f ind  r, 4, yr and y+ where yr and 
Y 9  are t h e  d i r e c t i o n  cosines  i n  t h e  r and $ d i r e c t i o n s  respec t ive ly .  
Phase path length,  h i s  t h e  independent var iab le .  

PI 
Yr r ' = -  
2 
P 

= 5 s i n  @ .  

Where i s  t h e  index of r e f r ac t ion .  
I n i t i a l l y  r = r + = +T, yr = p cos Q ,  and y T' and y a r e  f u r t h e r  constrained by t h e  condi t ion y2 + y2'= 1J- 'r 9 r + 

h and a where F' 'F' p' F From t h i s  we  ob ta in  r 
-1 

a =  cos (Y,) F 
5.1.2.3 A b e l  Transform Along Many V e r t i c a l s  Simultaneously 

This A b e l  t ransform program, which t akes  account of t h e  
ho r i zon ta l  g rad ien t s  i n  t h e  r e f r a c t i v i t y ,  uses  t h e  same basic 
approach of t h e  program described i n  Section 5.1.2.1; bu t  a i , 1  and 
a i , 2  must now be generated i n  a d i f f e r e n t  manner, t ak ing  account 
of t h e  value of Q, t h e  longitude a t  which t h e  pa th  intersects a 
layer ,  as w e l l  a s  r, t h e  o f f s e t  d i s tance .  The input becomes a 
series of tables of t h e  type shown i n  Section 5.1.2.2 where such 
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a table must be read i n  f o r  each value of 8, where 8, i s  t h e  
longitude a t  which t h e  pa th  come c l o s e s t  t o  t h e  p l ane t  surface.  

The order  i n  which t h e  N ( r i ,  0j) i s  generated i s  as follows. 
A l l  N ( r i ,  Qj), j = 1, N e  are found where r l  > r2 > . . . > rN2. 
This i s  not  necessary f o r  t h e  Abel transform, bu t  i s  used 
f o r  input compat ibi l i ty  with t h e  model matching techniques. 

Br ie f ly ,  what t h e  method does i s  keep t r a c k  of where a s t r a i g h t  
l i n e  intersects t h e  sphe r i ca l  s h e l l s .  We then i n t e r p o l a t e  between 
values of A$ on t h e  s h e l l .  The in t e rpo la t ed  values are then used 
t o  solve t h e  problem as i f  t hese  values  w e r e  f o r  a sphe r i ca l ly  
symmetric model. This means we must solve t h e  problem separa te ly  
for going i n  and out .  Figure 5-9 w i l l  he lp  t o  demonstrate t h i s .  

I f  we are solving f o r  t h e  value of r e f r a c t i v i t y  a t  po in t  E, 
we procede as follows: 

Find 

e tc .  

W e  then u s e  . . . , A$, t o  solve one h a l f  of t h e  path,  as 
i n  Section 5.1.2.1, and A$,, A$F, . . . , A+I t o  solve t h e  o the r  
h a l f  of the path.  W e  thereby obta in  N ( r 5 ,  e4). 
The following algorithm descr ibes  t h e  method i n  d e t a i l .  
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94 

Figure 5 - 9  Geometry of t h e  P r o f i l e  Inversion along 
Many V e r t i c e s  Simultaneously by %e1 
Transf o m  
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5.1.2.4 Model Matching alonq Many V e r t i c a l s  Simultaneously 

This method uses  t h e  s a m e  input  as t h e  A b e l  t ransform tech- 
nique (subsect ion 5.1.2.3) and so lves  f o r  t h e  r e f r a c t i v i t y  i n  t h e  
s a m e  sequence (i.e., a l l  angles  f o r  one height  working from t h e  
greatest he ight  t o  t h e  p lane t  s u r f a c e ) ,  I n  t h i s  case, we cons t ruc t  
a two-dimensional g r i d  of r e f r a c t i v i t y ,  and t h e  ray t r a c i n g  i s  
done using in t e rpo la t ed  values from t h i s  g r id .  The e l eva t ion  angle 
of t h e  ray and t h e  v e r t i c a l  s lope of t h e  r e f r a c t i v i t y  w i l l  be found 
i n  t h e  s a m e  manner described i n  subsection 5.1.2.2. 

5 . 2 SPECTROSCOPIC DATA PROCESSING 

A s  t h e  ray path moves through t h e  atmosphere of M a r s ,  inc ident  
r a d i a t i o n  a t  frequencies i n  both t h e  I R  and W become absorbed 
i n  varying degrees depending upon t h e  r e l a t i v e  l i n e  s t rengths .  
( W e  assume t h a t  condi t ions are such t h a t  t h e  r a d i a t i o n  emanating 
from t h e  loca l i zed  regions of t h e  sun under surve i l lance  during 
t h e  period of occu l t a t ion  remains s u b s t a n t i a l l y  t h e  s a m e ) .  
The r a w  da t a  t h a t  w i l l  be ex t rac ted  from t h e  s a t e l l i t e  s torage  
are t h e  t r ansmiss iv i ty  values a t  frequency i n t e r v a l s  i n  t h e  I R  
and UV regions as a funct ion of sa te l l i t e  loca t ion .  This can 
be reduced t o  t h e  t r ansmiss iv i ty  values  as a funct ion of t h e  
d i f f e r e n t  ray paths  defined by t h e  minimum a l t i t u d e s  of these  
pa ths  with M a r s .  The ray  path bend can be obtained by t h e  re- 
f r a c t i v i t y  measurements. 

A technique e x i s t s  by which t h e  r e s u l t i n g  t r ansmiss iv i ty  due 
t o  absorption and i t s  rate of change with frequency may be re- 
l a t e d  t o  tabula ted  homogeneous parameters. A system of N 
simultaneous equations with N unknowns may be a r r ived  a t  and 
solved using a high speed d i g i t a l  computer. The so lu t ions  of 
t hese  equations lead t o  a l t i t u d e  p r o f i l e s  of cons t i tuents ,  dens i ty ,  
pressure,  and temperature. 

5.3 RADIOMETRIC DATA PROCESSING 

Pos i t ion  of t h e  spacecraf t  and look angles  toward t h e  sur face  
w i l l  be co r re l a t ed  t o  radiometric r a w  data .  

Corrections w i l l  be appl ied t o  t h e  da t a  from t h e  two C a l i -  

b r a t ions  performed pe r iod ica l ly  during t h e  mission, This i s  
achieved by comparing t h e  readout values when t h e  radiometer looks 
a t  t h e  s m a l l  t a r g e t  on board t h e  O r b i t e r  (of known temperature 
and emissivi ty)  with t h e  expected temperature reading; comparison 
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w i l l  a l so  be made of t he  readout values  when the  radiometer looks 
toward free space with t h e  expected temperatures,  

Correlat ion between t h e  radiometric data and the TV camera 
output w i l l  be performed i n  order  
thermal p rope r t i e s  of the  sur face  and fo r  cloud s tud ie s ,  

t o  gain in s igh t  i n t o  the  
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6.  CONCLUSIONS AND RECOMMENDATIONS 

The study reported here has provided the preliminary proof of 
the feasibility and practicality of unambiguously probing the at- 
mosphere and ionosphere of Mars from a dual-orbiter platform. 

In principle, the method is capable of mapping three-dimen- 
sionally the ionized and neutral atmosphere of the planet at all 
longitudes and latitudes, of performing repetitive measurements in 
each resolution cell, of describing accurately horizontal gradients 
of realistic steepness. 

However, if from one standpoint, the study has resolved various 
issues that were interrogative marks at the beginning, it has 
pointed out, from another standpoint, new areas of concern that re- 
quire further analysis and experimentation. 

In particular, the following points deserving additional study 
are worth mentioning: 

1. A minimization of the lock-in time of the phase- 
sensitive refractivity link at emersion from occultation would en- 
hance the ability of the system of probing the lower layers of the 
atmosphere. A lock-in time on the order of 0.1 second would be 
highly desirable, owing to the high speed (on the order of a few 
km/sec) that characterizes the sweeping through the atmosphere of 
the probing path, and owing to the importance of collecting atmo- 
spheric samples near the planet's surface. This lock-in time re- 
quirement exceeds the present state-of-the-art by approximately a 
factor of 5. 

2.  The removal of geometrical doppler from the total dop- 
pler observed at emersion requires the preparation of a high- 
accuracy computer program for orbital mechanics calculations, of 
the type that MIT Lincoln Lab is preparing for the radar tracking 
of the planet Mercury in the forthcoming 4th test of the general 
relativity theory. 

3.  For cases (like the Earth) in which a magnetic field 
affects the radio waves propagation appreciably, a study is re- 
quired of the phase perturbations imposed on the link by polari- 
zation behavior and its relationship to induced phase perturbations 
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as well as the issue of the motion of the link's terminals around 
their c.g.'s. 

4.' Phase scintillation in a medium that, like the Earth's 
ionosphere, exhibits this type of phenomenon must be investigated 
and the statistics of the induced phase instabilities evaluated. 

5. The recent experience (still unpublished) of AFCRL 
(OS0 111) and Harvard College Observatory (OS0 IV) in transmission 
absorption spectroscopy measurements of the density of the upper 
layers of the Earth's atmosphere provides, from one side, a strong 
encouragement in developing further the method that Raytheon sug- 
gested to NASA for planetary research some time ago. Now, it can 
no longer be stated that the method is not acceptable because it 
was never tested in space. From another side, however, this ex- 
perience has made clear that additional studies are needed, espe- 
cially in the area of broadening the dynamic range of the probing 
in order to cover, with the selection of a suitable set of lines, 
the tremendous range of absorptions going from the outer boundary 
of the atmosphere down to surface levels. 

6. The ability to correlate Sun occultation and mother/ 
daughter occultation measurements belonging to the same resolution 
cell must be investigated with consideration given to the time 
dynamics of the refractive and absorptive phenomena occuring in 
the same cell. 

For the reasons told above, a follow-up study would be desir- 
able before a full implementation of the dual-orbiter mission is 
undertaken, either around the Earth or around a remote planet. 
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APPENDIX A 

TRANSMITTANCE FROM I NHOMOGENEOUS PATHS 
OBTAINED FROM HOMOGENEOUS PATH DATA 

In the following paragraphs, a technique first introduced by 
Plass (Ref. 47) is reviewed for which the transmittance over a 
nonhomogeneous path (i.e., density, pressure, and temperature vary) 
may be deduced by comparing fundamental physical quantities over 
this path with the transmittance for a homogeneous path along which 
the pressure and temperature is constant. This technique is par- 
ticularly applicable for the cases of either "strong line absorp- 
tion" or "weak line absorption." When the absorption is between 
these extremes, methods of interpolation may be applied. 

A, 1 GENERAL FORMULATION 

When the path over which absorption occurs is inhomogeneous 
with density, pressure, and temperature, the absorption coefficient 
over the spectral interval, Av (resolution of spectrometer), may 
be expressed as 

N 

th where S is the intensity of the i linetin the spectral interval, 
A V ;  ai is the line shape factor f o r  the i line, which is a 
function of the frequency, V ,  and the half-width of the line, ai. 
Also, u is the mass of absorbing gas per unit area along the 
entire inhomogeneous path and is defined as 

i 

0 

R 
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where p 
(A-1) i g  taken over t he  N s p e c t r a l  l i n e s  t h a t  cont r ibu te  t o  the  
absorpt ion i n  the  frequency in t e rva l ,  A V .  The pressure  broadened 
half-width, cy a t  s o m e  temperature T I  and pressure,  PI i s  given 

= m a s s  dens i ty  of t he  absorbing gas.  The summation 

i' 
by 

(A-3) 

TO' 
where cy i s  the  half-width a t  some standard temperature, 
and pressure,  P (A general ly  accepted experimental value f o r  
t he  reference l?ne half-width i n  the  1 5 1 ~  CO band i s  CY = 0.064 c m  , 
P = 1 a t m ,  T = 2 9 8  K (Ref. 5 0 ) .  

o i  
-1 

0 2 0 
0 0 

The absorptance, A ,  over a f i n i t e  s p e c t r a l  i n t e r v a l ,  A'J, is  
given by 

and the  transmittance,  T I  is 

U 

(A-4) 

(A-5) 

where I and I are the  incident  and at tenuated power d e n s i t i e s ,  
respec t ive ly .  W e  s h a l l  i n i t i a l l y  confine our a t t e n t i o n  t o  two 
spec ia l  cases, namely, the  " s t rong  l i n e  approximation" and the  
"weak l i n e  approximation". L a t e r  w e  s h a l l  connect these  t w o  
extremes by a method of in te rpola t ion .  

0 

A. 2 STRONG LINE APPROXIMATION 

The s t rong  l i n e  approximation is va l id  when the absorption of 
t he  incident  r ad ia t ion  i s  v i r t u a l l y  complete over frequency 
i n t e r v a l s  a t  l eas t  severa l  half-widths wide around the  centers  
of the  s t ronges t  l i n e s  i n  the  band, and when these l i n e s  are 
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l a rge ly  responsible  f o r  t h e  absorption over t he  given frequency 
i n t e r v a l  (Ref. 57 ) .  For t h i s  case,  w e  s h a l l  assume t h a t  t h e  
l i n e  shape f a c t o r  i s  Lorentz broadened and given by 

(A-6) 

In t h e  region V c lose  t o  V ., t he  r a d i a t i o n  i s  completely 
absorbed. 
t i o n  A-6 (Ref. 53 ) .  
behavior of t h e  wings when (V - V ) >> ai . 
v i c i n i t y  of V t he  i n t e g r a l  i n  the  integrand of (A-4) is  insens i -  
t i v e  t o  changes i n  the  denominator of 0 .  ( V .  V 

equation A-6 becomes 

Hence, w e  may negleEt CYi i n  t he  denominator of equa- 

When V is  i n  the  

, Q i ) .  Hence, 

That is, w e  a r 5  now i t e re s t ed  i n  the  9 
i 0 

i' 
1 o i  

I3 ( V I  V I ai) - - a  ( V I  Voi) 
i 'i i o i  

(A-7 1 

where g .  ( V ,  V . )  is  the  corresponding f a c t o r  i n  (A-6) and is  only 
a funct ion of the  l i n e  center  frequency, V o i '  and the  frequency 
under considerat ion,  V ,  

1 0 

The form (A-7) is ac tua l ly  va l id  f o r  any pressure broadened 
l i n e  shape, gi ( V ,  V o .  ) (Ref. 47 ) . Subs t i t u t ing  equation A-7 
i n t o  equation A-1 ana the  r e su l t i ng  r e l a t i o n  i n t o  equation 24-4, 
w e  obtain 

N U 

2 gi(Vj Voi) S.(T)a. 1 1 dul] 
OV i = l  0 

The expression f o r  t he  absorptance over a homogeneous path i s  
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r N 1 

and u are the intensities, half-widths, and 
and iH' h where S. (T ) ,  (Y 

mass of absorbing gas per unit area for the temperature, Th' 
pressure, 

i H  

along a homogeneous path. 

By comparing equation A-8 with equation A-9, it is apparent 
that the absorption over the homogeneous path and that over the 
inhomogeneous path are equal when the corresponding exponents in 
the integrand are equal. That is, 

'h 

N N U 

(A-10) 

It may be shown that the spectral lines S. (T) may be given by 
1 

the same function of temperature, so that 

(A-11) 

where s(T) is a function that can be calculated from the theory 
of molecular spectra, and may be approximated by equation 4.4-24 
when the temperature difference is small and the line intensities 
are not too dissimilar (Ref. 47 ) .  

Substituting equations A-3 and A-11 into equkltion A r l o ,  we 
obtain 
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U 
-1/2 ) = J s(T) P T dul 

UH(PH TH 
0 

(A-12) 

N 

where the common factor c 
i =  1 

sides of equation A-10. It is interesting to note that where the 
equivalent mass of absorbing gas per unit area for the homogenous 
path in equation A-10 was frequency dependent, the corresponding 
u in (A-12) is not. Equation A-12 may be expressed in terms of 
tRe equivalent absorptive path length (expressed in atmosphere- 
cm) that gives the same absorption at a temperature T 
pressure PH as that over an inhomogeneous path. 
the following in equation A-12, 

gi (y  / Voilaih cancels out on both 

and 
SubsFituting 

du = M N(R) dR (A-13) 
P 

u = M N L  
H P H H  (A-14) 

where 
M = the product of the molecular weight and the proton 

N(j) = the molecular density along the inhmmogeneous path 
N 
LH 
d% 

we obtain 

rest mass P 

= equivalent homogeneous molecular density 
= equivalent homogeneous path length 
= elemental inhomogeneous path length, 

19 -3 where n = Loschmidt’ s number = 2 -69  x 10 cm . 
0 
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A.3 WEAK LINE APPROXIMATION 

The weak line approximation is valid when the absorption of 
each spectral line considered individually is small even near the 
line centers. Hence, the weak line approximation assumes the 
exponent in the integrand of equation A-4 is sufficiently small 
so that it may be replaced by the first two terms of the Taylor 
expansion of the exponential term. Hence, equation A-4 becomes 

I AAV = 

AV [! ky(ut) du' dv i (A-1 6) 

Substituting equation A-1 into equation A - 1 6  we obtain 

N 
AAV = { [ c Si 0 ,  1 [ V ,  i,(~)]] 1 d u ' i  dV (A-17) 

AV i = l  

Taking the summation out of the integrand and interchanging the 
order of integration, we obtain 

(A~18) 

For a homogeneous path, equation A-18 becomes 

r 
N 

1 

(A-19) 
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I f  the absorpt ions are t o  be the  same, w e  may equate A-18 and 
A-19. Hence, 

Since the  shape f a c t o r  CJ . [ V I  a!. ( u t ) ]  is normalized t o  u n i t y  ( i .e.  
1 f" 0 ,  [ V I  a!, (ut ) ]  d V  = 1) , i f  the" i n t e r v a l  of i n t eg ra t ion ,  AV, is 

1 1 
J O  

l a rge  enough so t h a t  most of the  absorption due t o  t h e  ind iv idua l  
l i n e s  occur wi th in  t h i s  i n t e r v a l ,  then the i n t e g r a l s  of equation 
A-20 w i l l  approximate un i ty ,  r e s u l t i n g  i n  

N N U 

- - 2 J S . ( U ' )  du' (A-21)  H ' ' iH 1 
U 

i = l  i = l  o 

I f  the approximation equation A-11 is  va l id ,  equation A-21 becomes 

U 

u = s ( T )  du'  H 
0 

(A-22) 

Using the  same procedure as i n  the s t rong l i n e  case,  w e  may 
obta in  the  equivalent  absorpt ive pa th  length given by 
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N a 

' 

1 I s . ( J )  
1 

(atm-cm) 
* 1 i = l  o 
H 

u = -  
n N 
0 

f 

u * = -  ] N ( a )  s ( t )  d i  (A-26)  
n 
0 

H 
0 

- -  - n 1 F( i )  S i ( i )  dR 

i =1 
U* H [ i = l  L SiH) 0 0 

'iH 
i = l  

o r  

(A-2 3) 

k? 

(A-24) 

A.4 INTERPOLATION BETWEEN STRONG AND WEAK LINES 

The equivalent  homogeneous concentrat ion giving the  same 
absorption a s  t h a t  over an inhomogeneous pa th  has been deduced 
i n  the preceding sec t ions  and i s  repeated below f o r  both the  
s t rong l i n e  and weak l i n e  approximations. 

a 

0 
(s t rong l i n e  approximation) 

a 

(A-25)  

(A-27)  
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Assume t h a t  t he  s t rong  l i n e  approximation i s  v a l i d ,  A know- 
ledge of the  integrand of equation A-25 determines a s p e c i f i c  
value f o r  t he  corresponding i n t e g r a l .  The s t rong  l i n e  assumption 
d i c t a t e s  t h a t  one and only one value of absorptance i s  poss ib le  

i n  any set of t a b l e s  for which t h e  product of P 
i s  equal t o  t h a t  cons tan t  value on the  right-hand s i d e  of (A-2g) .  
Hence, a c e r t a i n  amount of a r b i t r a r i n e s s  e x i s t s  i n  seJ,ecting these  
product f ac to r s .  That is, i f  w e  a r b i t r a r i l y  select  u t h e  product 

-'I2 is f ixed.  
'H tate8 by equation A-26.  Subs t i t u t ing  t h i s  value back i n t o  equation 

, and a set  of tables A-25 then determines the  product P 
w i l l  uniquely specify the  absorptance. Hence, w e  have used the  
weak l i n e  formulation of equation A-26 t o  give the  correct r e s u l t  
f o r  t he  s t rong  l i n e  case.  

* -'I2 and u 
H' TH 

H' 
W e  d e s i r e  t o  select t h e  a r b i t r a r y  value dic-  

-1/2 
H TH 

Assume now t h a t  t he  weak l i n e  approximation i s  t h e  t r u l y  v a l i d  * case.  Hence u may be  determined by eva lua t ing  the right-hand 
s i d e  of equation A-76. A set  of t a b l e s  w i l l  g ive only one value 
of absorptance f o r  t he  s p e c i f i c  value of u* independent of I! or  

. 
t u t e  u 

r i g h t  hand i n t e g r a l  and determine t h e  product P T 

then examine a set  of t a b l e s  corresponding t o  the  determined 
* -1/2 values u and P 

H' tance.  
it is  indeed the  c o r r e c t  r e s u l t .  
sorptance f o r  the  weak l i n e  case s a t i s f i e s  the  s t rong l i n e  formu- 
l a t i o n  of equation A-25.  Hence, u s e  of the  above procedure gives  
t h e  c o r r e c t  absorption value and s a t i s f i e s  equal ly  w e l l  both the 
s t rong and weak l i n e  l i m i t s .  

H 

Hand T w e  may sugs t i -  H Since t h e  answer i s  independent of 
TH i n t o  the  left-hand s i d e  of equation A-247'evaluate t h e  

-1/2 H . W e  may 
H H  

and determine the  corresponding absorp- 
and T TH gince tRis absorptance value is  independent of P 

I t  may be noted t h a t  tRe ab- 

I n  the  immediate region where both t h e  weak and s t rong  l i n e  
approximations may be somewhat i n  e r r o r ,  t he  r e s u l t  derived i n  
t h i s  manner provides a smooth in t e rpo la t ion  between t h e  absorp- 
tance curves t h a t  a r e  v a l i d  i n  the weak and s t rong  l i n e  l i m i t s .  
P lass  ( R e f .  57 ) has used a s imi l a r  technique t o  deduce the  
absorptance over s l a n t  paths  i n  the  Ea r th ' s  atmosphere. 

P lass  (Ref. 57,60) has  a l s o  used a s imilar- technique t o  the one 
described above t o  deduce the  t ransmit tances  over s l a n t  paths  i n  
the  Ea r th ' s  s t ra tosphere .  The equations he s a t i s f i e d  simulta- 
neously w e r e ,  
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a I N ( a )  d a  
* u = -  

n 
0 

H 
0 

a 
1 

u n  H o  o 

- - * pH 

N 

N ( R )  P dR 

N R 

(A-28) 

(A-29) 

(A-30)  

The use of these equations represents a perturbation technique 
in which it is assumed that s(t) is unity in equations A-25 and 
A-26, resulting in equations A-28 and A-29. The temperature 
variation along the path is taken into acount by equation A-27. 
The equivalent temperature, T which must be used over the homo- 
geneous path, is chosen such &at the equality of equation A-30 
is v2lid. 
of u 

Hence equations A-28. A-29, and A-30 determine values 
T from which the tabulated absorption may be deduced. H' H 
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APPENDIX B 

THEUSEOFASUBSATELLITEASTHEDAUGHTERTERMINAL 
OF THE ORBITING PAIR 

B-1 INTRODUCTION 

Cer ta in  advantages may accrue i n  the experiment conf igura t ion  
over a Voyager-to-Voyager (or  equivalent  orb i te r - to-orb i te r )  
experiment when a s u b s a t e l l i t e  daughter is added t o  each space- 
craft .  The following descr ip t ion  def ines  these p o t e n t i a l  
advantages and b r i e f l y  descr ibes  t h e  parameters of such a sub- 
s a t e l l i t e ,  w h i c h  might be accommodated i n  the Voyager mission 
t o  Mars. 

B-2 OBJECTIVE AND JUSTIFICATION 

The  advantages of using an aux i l i a ry  s u b s a t e l l i t e  a r e  the 
provis ion of  g rea t e r  p robab i l i t y  of mission success due t o  
increased redundancy a t  a moderate ove ra l l  increase  i n  weight; 
g r e a t e r  dynamic o r b i t a l  f l e x i b i l i t y ,  r e su l t i ng  i n  an increased 
experimental da ta  co l l ec t ion  r a t e ;  physical  independence between 
Voyager and s u b s a t e l l i t e ,  avoiding t h e  problem of mutually 
conf l i c t ing  poin t ing  requirements between d i f f e r e n t  classes of 
experiments. Last ly ,  a decis ion t o  o r b i t  only a s ing le  Voyager 
would s t i l l  permit the execution of t h e  r e f r a c t i v i t y  experiment. 

B-2.1 ENHANCED M I S S I O N  PROBABILITY 

I f  i d e n t i c a l  Voyagers a re  used, each w i t h  a s u b s a t e l l i t e ,  
f a i l u r e  of one parent  vehic le  o r  one s u b s a t e l l i t e  permits the 
experiment t o  survive,  There a re  four  poss ib l e  redundant modes 
of operat ion i n  con t r a s t  t o  t h e  case where only two Voyagers 
equipped w i t h  i n t e g r a l  daughter equipment a re  used. In  t h i s  
l a t t e r  case,  f a i l u r e  i n  any one p a r t  of the system destroys 
the mission. 

The penal ty  pa id  i n  using s u b s a t e l l i t e s  is  the added weight 
required f o r  s u b s a t e l l i t e  s t ruc tu re ,  i n t e r n a l  power supply, and 
a t t i t u d e  s t a b i l i z a t i o n  equipment - on t h e  order  of 23 kg, per  
Voyager I. 
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B-2.2 DYNAMIC FLEXIBILITY 

U s e  of a s u b s a t e l l i t e  o f f e r s  t h e  p o s s i b i l i t y  of increased 
f l e x i b i l i t y  i n  t h e  design of o r b i t s ,  providing an addi t iona l  
degree of freedom i n  enhancing t h e  scan r a t e  of t h e  reso lu t ion  
c e l l .  The s u b s a t e l l i t e  o r b i t  may d i f f e r  from t h e  parent  Voyager 
and be chosen t o  increase t h e  occul ta t ion  occurrence r a t e s  
between terminals.  The ne t  r e s u l t  is an increase i n  t h e  a b i l i t y  

atmosphere. 
- t o  measure time-dependent p rope r t i e s  of t h e  Martian ionosphere/ 

B-2.3 SENSOR POINTING CONFLICTS 

A number of r e l a t e d  but  independent experiments i s  planned 
for  t h e  Voyager. It  i s  l i k e l y  t h a t  these w i l l  impose c o n f l i c t i n g  
point ing requirements. For example, Earth communications imply 
a d i r e c t i o n a l  Earth-oriented antenna; surface phenomena, w i l l  
r equi re  Mars-oriented sensors such as cameras. o the r  experiments, 
such as r e f r a c t i v i t y ,  requi re  vehicle-to-vehicle communications. 

The physical  separat ion of the daughter terminal of t h e  
r e f r a c t i v i t y  experiment permits a degree of independence of 
point ing requirements and thus  a l l e v i a t e s  t he  c o n f l i c t .  

B-2.4 SINGLF, VOYAGER CASE 

Should it be decided t o  o r b i t  a s i n g l e  Voyager system per  
launch, t h e  r e f r a c t i v i t y  experiment survives when a s u b s a t e l l i t e  
is used. In  the  case of t he  in tegra ted  Voyager, t h e  experiment 
i s  n u l l i f i e d .  

B-3 SUBSATELLITE REQUIREMENTS 

A s u b s a t e l l i t e  replacing the  second Voyager i n  t h e  experiment 
m u s t  provide one-way communication t o  Earth f o r  stereo-doppler 
t racking purposes. I t  m u s t  a l s o  communicate w i t h  t h e  mother 
Voyager receiving a 2000 MHz s igna l  and re turn ing  phase-locked 
500 MHz and 2160 MHz s igna ls .  The 2160 MHz s igna l  i s  d i r ec t ed  
toward t h e  Earth (Figure B-1). These communication l i nks ,  and 
t h e  need f o r  s o l a r  i l luminat ion of t h e  power c e l l s ,  impose 
a t t i t u d e  requirements on t h e  s u b s a t e l l i t e .  Three approaches t o  
t h i s  problem have been s tudies:  
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1. A n  uns tab i l i zed  s u b s a t e l l i t e  

2. A sp in-s tab i l ized  s a t e l l i t e  t h a t  covers both 
Earth and Voyager with a common antenna 

3 , A sp in-s tab i l ized  s a t e l l i t e  with separa te  
antennas f o r  Voyager and Earth communication 
1 ink . 

The major system c h a r a c t e r i s t i c s  of these  candidate con- 
f igu ra t ions  a re  summarized i n  T a b l e  B-1, 

The f i r s t  system considered, the uns t ab i l i zed  s a t e l l i t e ,  was 
eliminated s ince  f u l l y  omnidirectional antennas would requi re  high 
r ad ia t ed  power and associated d i r ec t iona l  antennas would r equ i r e  
complex sensing, processing and adaptive point ing mechanisms f o r  
which a high weight penalty would have t o  be  paid. 

In  t h e  second case,  simultaneous use of a common antenna 
t o  communicate with both Earth and Voyager requi res  excessive 
RF power t o  contact  Earth,  

The t h i r d  option appears the most s a t i s f a c t o r y  and has been 
chosen as t h e  design basel ine.  I n  t h i s  case,  t he  vehic le  would 
be sp in-s tab i l ized  w i t h  i t s  sp in  ax is  normal t o  the  plane of 
t h e  eclistic. This provides a constant look angle t o  Earth 
r e l a t i v e  t o  t h e  s u b s a t e l l i t e  and hence permits the  use of a 
d i r e c t i v e  antenna f o r  communication t o  Earth. 

The f a c t  t h a t  t h e  Martian equator i s  inc l ined  about 25O t o  
t h e  plane of t h e  e c l i p t i c ,  t h a t  t h e  coplanar experiment is  an 
inc l ined  o r b i t ,  and t h a t  t he  o r b i t a l  precession r a t e s  of Voyager 
and s u b s a t e l l i t e  d i f f e r ,  cuases a cons tan t ly  changing geometrical 
r e l a t ionsh ip  between vehicles  , 
between vehicles  r e l a t i v e  t o  t h e  s u b s a t e l l i t e  spin ax is  vary over 
almost t h e  e n t i r e  poss ib le  range of 180° i n  e leva t ion ,  

This means t h a t  t'he look angles 
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These look angles requi re  near- isotropic  antennas fo r  i n t e r -  
vehicle  communications bu t ,  as  noted e a r l i e r ,  s t a b i l i z a t i o n  i n  
t h e  plane of t h e  e c l i p t i c  permits t h e  use of a d i r e c t i v e  antenna 
t o  Earth w i t h  some degree of gain. 

B-4 SUBSATELLITE ATTITUDE CONTROL 

Although we have r e f e r r e d  t o  t h e  s u b s a t e l l i t e  as  being 
s t a b i l i z e d  with i t s  spin axis  normal t o  t h e  e c l i p t i c ,  it would 
ac tua l ly  use Mars and the  Sun i n  e s t ab l i sh ing  i ts  o r i e n t a t i o n  
r e l a t i v e  t o  t h e  e c l i p t i c .  Since Mars' o r b i t  is  inc l ined  only 
1.85O out  of t h e  e c l i p t i c ,  f o r  antenna o r i e n t a t i o n  purposes, t h i s  
can be considered t o  be t h e  e c l i p t i c  plane. 

The s u b s a t e l l i t e  w i l l  be spring-ejected from Voyager, a f t e r  
p rec i se  o r i e n t a t i o n  of t he  l a t t e r ,  a t  a r e l a t i v e  ve loc i ty  of 
2 10 meters/second, After e j ec t ion ,  spin-up w i l l  be achieved 
by cold gas j e t s  mounted off-axis and t angen t i a l  t o  t h e  circum- 
ference of t h e  s u b s a t e l l i t e .  Spin-up a f t e r  i n j ec t ion  minimizes 
t h e  reac t ion  on Voyager. 

After spin-up, data  from a s u b s a t e l l i t e  Sun sensor and Mars 
horizon scanner w i l l  be relayed t o  Earth v i a  Voyager. 
manner, a t t i t u d e  e r r o r s  due t o  Voyager misalignment, spring- 
e j e c t i o n  assymetry can be assessed and co r rec t ive  impulses 
computed and commanded. Thereaf ter ,  per iodic  a t t i t u d e  checks 
w i l l  be made and co r rec t ive  ac t ion  commanded, i f  required.  

I n  t h i s  

B-5 SUBSATELLITE ANTENNAS 

The system requirements d i c t a t e  a very broad coverage. An 
omnidirectional azimuth w i t h  140° e leva t ion  coverage is required. 
A simple antenna configurat ion which meets these needs is  the  
b iconica l  horn. Brown and Woodward (Ref. 79 ) measured t h e  
gain and the  p a t t e r n  c h a r a c t e r i s t i c s  of t h i s  antenna, 

Figure B-2. shows the  r e l a t i v e  gain of t he  b iconica l  antenna 
versus he ight  of t h e  antenna w i t h  t h e  f l a r e  angle @ as a parameter. 
For optimum r e s u l t s ,  both the  gain and pa t t e rns  rwst be taken 
in to  account. The b e s t  r e s u l t s  can be achieved by making the  
length 255 e l e c t r i c a l  degrees with a f l a r e  angle of 50 t o  60 
degrees. 
bu t  can be  made of t h i n  rods t o  save weight. 

A t  500 MHz the  antenna need not be of s o l i d  construct ion 
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To c a l c u l a t e  t h e  performance of these  antennas, f o r  example, 
we can choose = 50°, 6 = 255O; then G = 0,75 (with respec t  t o  
the  dipole) . The gain with respect  t o  t h e  i s o t r o p i c  source is 
-75 x 1.64 = 1.23 = 1.75 db. From Figure B-3 we see t h a t  t he  
p a t t e r n  is constant  over a 1 2 0 0  v e r t i c a l  angle t o  within a db, 
and drops t o  -3 db r e l a t i v e  t o  t h e  dipole(-1.25 db r e l a t i v e  t o  
i so t rop ic )  f o r  a 140° cone angle. For o the r  values of P ,  t h e  
pa t t e rns  a re  s i m i l a r  bu t  e x h i b i t  g r e a t e r  f luc tua t ions .  

A second r a d i a t o r ,  omnidirectional i n  azimuth bu t  w i t h  
higher d i r e c t i v i t y  i n  e leva t ion  w i l l  be employed fo r  t he  sub- 
s a t e l l i t e - to -Ear th  l i nk ,  y ie ld ing  a gain of 9 db. This w i l l  
cons i s t  of t h e  same h e l i c a l  antenna described i n  Section 4.3.5.3. 
Both antennas w i l l  be mounted on the  s u b s a t e l l i t e  sp in  axis .  

B-6 POWER REQUIREMENTS AND PRIMARY SOURCE 

The s u b s a t e l l i t e  would be a foreshortened cy l inder  t h a t  would 
r o t a t e  about i ts  major i n e r t i a l  axis.  T h i s  means i t s  spin ax is  
o r i e n t a t i o n  is  f ixed  i n  i n e r t i a l  space. Spin r a t e  w i l l  be 50 
revolut ions pe r  minute t o  provide high s t a b i l i t y .  

As t h e  experimental mission duration is designed t o  be th ree  
months o r  more, t he  conventional s o l a r  ce l l / s torage  b a t t e r y  type 
of e l e c t r i c a l  power supply would be used. Solar  paddles a r e  
discarded s ince  t h e  vehic le  w i l l  not  be sun or ien ted ,  and since 
they WOUX i n t e r f e r e  w i t h  the r ad ia t ion  pa t t e rns  of t h e  
quas i i so t ropic  antennas. The s o l a r  c e l l s  a r e  i n s t a l l e d  symme- 
t r i c a l l y  around the  curved per iphera l  surface.  Taking in to  
account a required average power drain of 60 wat ts ,  c e l l  e f f i c i ency  
de te r io ra t ion  with t i m e ,  t h e  p a r t i a l  s o l a r  i l luminat ion due both 
t o  a t t i t u d e  and occul ta t ion ,  t h e  s o l a r  c e l l  a rea  required is  5 m . 2 

This area can be accomodated on a c y l i n d r i c a l  vehicle  1 .2m 
i n  diameter and about l m  i n  height.  

B-8 PRELIMINARY DESIGN 

The major parameters required a re  summarized i n  T a b l e  B-2. 
This shows t h a t  t h e  ove ra l l  weight is 43.55kg, prime power re- 
quircd is  58 w a t t s ,  and t h a t  t h e  component volume i s  0.078m3. 
The ac tua l  vehicle  ove ra l l  volume, however, w i l l  be 1.65m3 as 
d i c t a t e d  by t h e  required surface area f o r  s o l a r  c e l l  accommodation 
and the  shape d i c t a t e d  by the  use of spin s t a b i l i z a t i o n .  
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B-9 INTERFACE Rl3QUIRMENTS 

All normal spacecraft interface requirements apply between 
subsatellite and Voyager. The principal factors are presented 
in Table B-3.  

Unusually strigent requirements peculiar to Voyager are 
contained in Table B-4. 
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TABLE B-2 

SUBSATELLITE 

I t e m  

Phase-Locked Loop 

500 MHz Transmitter 

2160 MHz Transmitter 

Receiver 

Solar C e l l s ,  Ba t t e r i e s  

Att i tude Sensor and Control 

S t ruc ture  and Thermal 

Spin-up and At t i tude  Control Propulsion 

Antennas 

Communication and Command 

Power 
W a t t s  

4 

5 

2 1  

1 

10 

2 

10 

- 
- 
5 

TOTAL POWER 58 watts 

TOTAL WEIGHT 43.55kg 

TOTAL VOLUME (Components) 0.078m 

3 TOTAL VOLUME (Vehicle) 1.65m 

3 

SHAPE - Cylindrical  D i a m e t e r  1 .2m 

Weight 
kg 

2.7 

0.68 

1.12 

0.9 

13  

3 -6 

11 .2  

3 -6 

2-25 

4.5 

Height lm 



TABLE B-3 

STAmARD INTERFACE FACTORS 

I tem 

Item 

Comment 

Mechanical 

Sterilization 

Quarantine 

Thermal 

Bacteriological Cleanliness 

Governs Orbi ';a1 Lifetime 

Electrical 

EM1 

Safety 

Data Handling 

Sensor Pointing 

Stabilization 
Modes 
Communications 

At ti tude 
Contamination 

Subitem 

Mass, Balance, Volume, 
Form Factor, Mounting, 
Separation Mechanism 

Flow, Configuration, Sinks 
Sources 

Energy, Voltage, Current, 
Frequency, Transients, Duty 
Cycle, Operating Cycles 

Format, Rates, Channels 
Storage, Coding 

Orientations, Rates, 
Apertures, Obscuration 

RE' Power, SNR, Data Rates 
& Formats, Command 
Reperto ir 

Propulsion, Outgassing 

- 

Qualifications 

Power required 
in flight 

Governed by DSN 

Governed by DSN 

At Separation 

TABLE B-4 

SPECIAL INTERFACE FACTORS 
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